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Abstract
Laboratory experiments are presented that reveal the effects of surfactant monolay-
ers on natural convection heat transfer and evaporation from bodies of water; more specif-
ically, the situation is studied where the bulk temperature of the water is greater than the
temperature of the air so that evaporative convection occurs. Four sets of experiments were
performed in a laboratory environment on insulated tanks of different widths and depths
for the following surface conditions: 1) clean surface, 2) oleyl alcohol covered surface, 3)
stearic acid covered surface, and 4) stearyl alcohol covered surface. An infrared (IR) cam-
era was used to verify the existence of each of these conditions, and to measure the surface
temperature during these experiments. The Nusselt-Rayleigh (Nu − Raw) and Sherwood-
Rayleigh (S h−Raa) dimensionless power law parameterizations were used to characterize
the efficiency of convective heat transfer and evaporative mass transfer, respectively. This
dissertation research presents the first such parameterizations that definitively show how
these heat and mass transport processes are affected by surfactant monolayers.
All three of the surfactants reduced Nu by nearly one order of magnitude compared
to clean surface conditions at equivalent Raw. This is attributed to the ability of the surfac-
tants to change the hydrodynamic boundary condition at the interface from shear-free for
the case of the clean surface to one that supports shear. The convective motion of the water
is consequently damped in the presence of the surfactants, and the efficiency of convective
heat transfer decreases. Despite this fact, all four surface conditions share essentially the
ii
same Nu − Raw exponent of Nu ∝ Ra0.360w . This result is different from typical Rayleigh-
Be´nard Nu−Raw studies which find a power law exponent close to 1/3. The present results
indicate that the rate at which Nu increases with Raw is greater for a free surface condition
than for the solid boundary condition of Rayleigh-Be´nard type studies.
For all four surface conditions, the S h−Raa parameterizations are found to be very
close to S h ∝ Ra1/3a which indicates that the mass transfer coefficient is independent of the
horizontal extent of the surface W. The oleyl alcohol and stearic acid surface conditions
both give the same S h − Raa result as the clean surface condition; this surprising result
reveals that the efficiency of evaporation is unaffected by these two surfactants at equivalent
Raa. Stearyl alcohol, however, decreased S h by approximately 50% compared to all other
conditions. This is attributed to the ability of stearyl alcohol to block the transport of water
vapor through the surfactant film. An effective relative humidity φ∗ is defined which allows
for the density of water vapor at the surface to be less than the equilibrium saturation value;
this newly defined parameter allows for the stearyl alcohol S h − Raa data to collapse with
the other cases.
iii
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Chapter 1
Introduction
This dissertation research is principally focused on how surfactant monolayers af-
fect natural convection heat transfer and evaporation from heated water bodies. The phys-
ical situation which motivates this transport problem is a body of water for which the bulk
water temperature Tb is greater than that of the air T∞. A schematic of this scenario is
shown in Fig. 1.1. Evaporation occurs at the surface and the water vapor is subsequently
advected away into the surrounding air by natural convection. The evaporative cooling of
the air/water interface causes the surface temperature Ts to be less than the temperature
of the underlying bulk water; this water-side temperature difference results in a buoyancy-
driven flow which drives natural convection heat transfer in the water. Because the temper-
ature difference ∆T is caused primarily by evaporation, the water-side convective process
is referred to as evaporative convection; that is, the convective transport of heat from the
water-side of the interface occurs during and as a result of the removal of latent heat from
the surface [7].
During evaporative convection, the heat flux q′′c through the water is maintained
by evaporation at the cooler free surface; similarly, evaporation is sustained by the sup-
ply of energy to the surface by convection. Without this replenishing energy balance, the
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free-surface
Tb
T 8
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Figure 1.1: Schematic of a body of water for which the bulk temperature is greater than
that of the air. In this scenario, natural convection heat transfer occurs within the bulk, and
water evaporates at the free surface.
available energy at the surface would be exhausted by the removal of latent and sensible
heats from the interface by the convecting air. Thus, the rates at which energy is supplied
to and removed from the surface serve to connect the transport problems on both sides
of the air/water interface. This coupled problem of heat and mass transfer can be further
complicated by the presence of a surfactant monolayer which changes the thermal and hy-
drodynamic boundary conditions at the free surface. A host of relevant literature exists
in the fields of evaporation, natural convection heat transfer, and surface science, but the
interaction of all three of these processes is not well understood.
1.1 Evaporation
Evaporation of water is an important part of the hydrologic cycle, and is critical to
the climate and the sustainability of life and ecosystems. The storage of fresh water for
human use and consumption, agricultural irrigation, and large-scale power generation are
also dependent on this transport process. Furthermore, evaporation is important for many
engineering applications including industrial cooling towers, air conditioning, solid mate-
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rial drying, distillation, and liquid film cooling. Evaporation is influenced by many factors,
including: temperature, pressure [44], wind [1, 39, 82] and wind-wave interaction [65],
salinity and ionic composition [83], and most notably the presence of surfactant monolay-
ers [44, 46, 53, 55, 89]; the latter is one focus of this research. Evaporation is relevant to a
broad range of applications, yet is still incompletely understood.
A host of field studies exist which seek to quantify the net evaporative losses from
inland bodies of water for predictive applications. These works employ empirical equa-
tions to model the evaporation data and significant disagreement has been shown to exist
between these equations [1,85]. Sartori [85] for example, demonstrates that empirical rela-
tionships from several researchers yield a scattering of evaporation estimates from roughly
40mg/m2s<m˙′′< 300mg/m2s when the equations are evaluated for equivalent environmen-
tal conditions. These discrepancies are due to the inability of the equations to account for
all of the relevant physical processes that drive evaporation. These field studies commonly
parameterize evaporation as a function of the average wind speed u¯, and vapor pressures at
the water surface ps and in the air p∞ [1, 12, 50, 75, 85, 95]. A generalized form of these
parameterizations is:
m˙′′ = f (u¯)(ps − p∞) (1.1)
where m˙′′ is the net evaporative flux of water. The wind speed function f (u) is often given
by the form originally suggested by Penman [75]:
f (u¯) = a + bu¯ (1.2)
where a and b are fitting constants obtained from data. Hinchley and Himus [39], for
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example, found the evaporative flux of water in their wind tunnel experiments to be:
m˙′′ = (0.031 + 0.0135u¯)(ps − p∞) (1.3)
and Czarnecki [44] developed an equation of similar form from a study of evaporation from
swimming pools and small bodies:
m˙′′ ∝ (3.1 + 4.1u¯)(ps − p∞) (1.4)
Parameterizations of the form given in Eq. (1.1) do not account for all known processes
that affect evaporation. For example, these equations cannot accurately predict evaporation
when the wind speed is very low or zero, a scenario which is not uncommon for inland
bodies of water [25, 49, 59]. The physical process that is not accounted for in Eq. (1.1)
is natural convection. That is, when u = 0 in Eq. (1.2), then f (u) = a and m˙′′ varies
linearly in Eq. (1.1) with the difference in vapor pressure. In this case, the mass transfer
coefficient (hm, defined below) will therefore be constant which is physically incorrect.
Hence, equations of the form in Eq. (1.1) fail to model the physics of evaporation under
natural convection conditions; this provides one motivation for this dissertation research of
natural convection-driven evaporation.
An important approach to transport problems is the use of dimensionless groups
and their functional scalings. Such formulations are broadly applicable because they in-
corporate the physical mechanisms that are known to be influencing the process. This
dissertation research investigates natural convection-driven evaporation (and also natural
convection heat transfer, discussed later in Section 1.2) using dimensionless scalings of ex-
perimental data, for which the body of literature is quite limited. This literature consists of
a few laboratory studies wherein a dimensionless mass transfer coefficient, the Sherwood
number S h, is related to natural convection in the air through the Rayleigh number Raa
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using a power law of the form:
S h = C · S cxRama (1.5)
where C is a coefficient, x and m are the power law exponents, and S c is the Schmidt
number:
S c = ν/D (1.6)
where ν and D are the kinematic viscosity and diffusion coefficient of the fluid. The di-
mensionless mass transfer coefficient, S h, is defined as:
S h = hmWD (1.7)
where W is the characteristic length of the system, herein defined as the horizontal dimen-
sion of the evaporating surface, and D is the diffusion coefficient for water vapor in air.
The mass transfer coefficient hm is given by:
hm = m˙′′/∆ρwv (1.8)
Here, ∆ρwv is the the water vapor density difference between the immediate surface region
and the ambient:
∆ρwv = ρ
sat
wv (Ts) − φρsatwv (T∞) (1.9)
where ρsatwv is the saturation density of water vapor evaluated at the water surface temperature
Ts and the ambient air temperature T∞, respectively, and φ is the relative humidity in the
ambient. This density difference ∆ρwv serves as the driving potential for evaporation m˙′′ in
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Eq. (1.8) and Eq. (1.7). The Rayleigh number Raa in Eq. (1.5) is defined as:
Raa =
g∆ρW3
ρ¯να
=
g∆ρW3
ρ¯ν2
Pr (1.10)
where g is the gravitational acceleration, ν and α are the kinematic viscosity and thermal
diffusivity of air, respectively, and ∆ρ is:
∆ρ = ρ∞ − ρs (1.11)
where ρ∞ and ρs are the densities of the air/water vapor mixtures at the water surface and
in the ambient, respectively, and ρ¯ is the average moist air density given by:
ρ =
ρ∞ + ρs
2
(1.12)
For clarity, it is re-stated that ∆ρ in Eq. (1.11) and ∆ρwv in Eq. (1.9) represent two different
quantities: the air/water vapor mixture (i.e. moist air) density difference, and the water
vapor density difference, respectively.
The inclusion of the Schmidt number S c from Eq. (1.6) in the S h−Raa power law in
Eq. (1.5) allows for the diffusive properties of the evaporating fluid to be taken into account.
This becomes important when comparing the evaporative behavior of different fluids. In
this study, the S h − Raa power law dependence on S c is not considered because water is
the only fluid under consideration and S c was practically constant throughout experiments:
0.57 < S c < 0.58. Thus, the S h − Raa power law given by Eq. (1.5) is rewritten as:
S h = ARama (1.13)
where S c has been absorbed into the coefficient A (i.e. combining Eqs. (1.5) and (1.13)
implies that A = C · S cx). This is the S h − Raa power law considered hereforward. It is
6
noted that the S h−Raa results from this study can not be directly extrapolated to situations
other than the evaporation of water into air since S c = 0.57 is implied in A. In order to use
these results with other fluids, the dependence of S h on S c must be considered; this was
not the focus of this study. The coefficient C can be determined according to C = A · S c−x
which can then be applied to other fluids when x is known.
The researchers who have investigated the S h−Raa relationship for the evaporation
of water under natural convection conditions are few. Sparrow et al. [94] studied evapo-
ration from circular pans ranging in diameter from 8.9 to 30.7cm. Unique to the work of
Sparrow et al. [94] was that the bulk water temperature Tb was less than the temperature
of the ambient T∞ such that a buoyancy-driven downflow occurred from the room air to
the water surface (i.e. Raa as defined by Eq. (1.10) was negative). This scenario is dif-
ferent from that which motivates this dissertation research for heated water bodies, but the
S h−Raa results of Sparrow et al. [94] are worth noting and can be compared to results that
have been obtained in this work.
Sharpley & Boelter [90] and Boelter et al. [8] both studied the evaporation of heated
water from a pan using a “quiet air apparatus”. This facility was a 5x5x7 foot chamber
with baffles towards the top sides which acted to restrict the flow of air in the chamber.
These authors noted that the presence of the baffles significantly changed the evaporation
rates. Also, it is likely that the close proximity of the evaporation pan to the quieting
chamber would have restricted the natural flow of air even further. On account of the
experimental facility, the S h−Raa results from these two studies are therefore not likely to
be representative of unrestricted natural convection conditions.
The three studies described above (Sparrow et al. [94], Sharpley & Boelter [90], and
Boelter et al. [8]) are the only known works which have investigated the S h−Raa relation-
ship for the evaporation of water. None of these studies investigated the case of evaporation
of heated water in a unrestricted natural convection scenario. Furthermore, the S h − Raa
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studies were not concerned with the effects of surfactant monolayers on evaporation. The
absence of such a study is a strong motivation for this dissertation research.
Two other studies were identified that investigate the S h− Ra relationship for mass
transport. However, these were not for the evaporation of water. Goldstein et al. [32]
investigated the sublimation of naphthalene from solid planforms of different geometries.
Because the planforms in this study were solid, the boundary conditions at the sublimi-
nating surface were of the no-slip type, which is different from the free surface conditions
considered here. Lloyd and Moran [61] studied the mass transfer of copper ions (Cu2+)
from copper plates into a liquid solution (H2S O4 and CuS O4) using an electrochemical
method. Again, these boundary conditions at the interface of the copper plates and liquid
were of the no-slip type, and the relevant species of mass transfer are very different from
the scenario of evaporating water.
The results of the aforementioned studies are summarized in Table 1.1. Several
authors have defined the relevant dimensionless groups in a slightly different manner than
considered above. Lloyd & Moran [61], Sparrow et al. [94], and Goldstein et al. [32] for
example, defined the Rayleigh number as:
RaL =
g∆ρL3
ρ¯νD =
g∆ρL3
ρ¯ν2
S c (1.14)
where L is the characteristic length. This definition presumes that the buoyancy force is
dissipated by viscous diffusion and the diffusion of mass. That is, the smearing of the
water vapor concontration gradient due to D has an adverse effect on ∆ρ. This is clearly
not the case in the present work, where the buoyancy is dissipated by thermal and viscous
diffusion (and the concentratino of water vapor is essentially negligible in ∆ρ); for this
reason, Eq. (1.10) is used here instead of Eq. (1.14). Sparrow et al. [94] defined L as the
radius of the evaporating pan, and Lloyd & Moran and Goldstein et al. [32] defined L as
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Table 1.1: Comparison of S h − Ra power law coefficients and exponents from earlier stud-
ies. Lloyd & Moran [61], Sparrow et al. [94], and Goldstein et al. [32] defined Ra accord-
ing to Eq. (1.14), and the results of Sharpley & Boelter [90] and Boelter et al. [8] have
been recomputed from published experimental data to conform to Eq. (1.10). The water
evaporation studies are given by S c = 0.57.
S h = ARam
Parameterization A m S c Ra Range
1 Sharpley & Boelter [90] 0.891 0.213 0.57 1 × 106 < Raa < 4.5 × 107
2 Boelter et al. [8] 0.054 0.241 0.57 9.3 × 106 < Raa < 4.6 × 108
3 Sparrow et al. [94] 0.645 0.205 0.57 −6 × 105 < RaL < −2 × 104
4 Goldstein et al. [32] 0.590 0.250 2.5 2 × 102 < RaL∗ < 5 × 103
5 Lloyd & Moran [61] 0.169 0.327 2200 8 × 106 < RaL∗ < 1.6 × 109
6 Lloyd & Moran [61] 0.50 0.255 2200 2 × 104 < RaL∗ < 8 × 106
the ratio of the surface area and surface perimeter. Sharpley & Boelter [90] and Boelter et
al. [8] also used alternative definitions of Ra, and tabulated their raw experimental data in
their publications; this allowed the data to be recomputed to Raa according to Eq. (1.10)
for comparison with this dissertation research.
Clearly, the number of studies of mass transfer in the presence of natural convection
is limited; of the investigations listed in Table 1.1, only three have studied the evaporation of
water, and none of the studies, in fact, have investigated how surfactants affect the transport
process. Thus, this dissertation research is motivated, in part, by the need to expand on this
relatively small body of research.
1.2 Natural Convection
Natural convection in a fluid layer is a well-studied topic of heat transfer which
began with the work of Rayleigh [79] and Be´nard [6]. In the classical Rayleigh-Be´nard
experiment or computer simulation, a layer of fluid is bounded by two horizontal plates. A
9
temperature differential ∆T is imposed by keeping the plates at fixed temperatures: Th for
the warm lower plate and Tc for the cooler upper plate (i.e. Th > Tc). The resulting buoyant
instability due to ∆T drives the flow which is responsible for the transport of heat. This
phenomenon also occurs when the upper boundary of the fluid layer is an evaporating free
surface however, this situation has been much less studied. This physical situation occurs
within bodies of water such as lakes, ponds, and reservoirs when the average surface tem-
perature Ts is less than the water bulk temperature Tb. Accordingly, ∆T is herein defined
as:
∆T = Tb − Ts (1.15)
The relationship between the intensity of the buoyancy-driven flow and the resulting
heat transfer is most often explored with the Nusselt number Nu and Rayleigh number Raw
in the form of a Nu − Raw power law relationship. This dimensionless relationship is
analogous to the S h − Raa mass transfer relationship in Eq. (1.5), and is given by:
Nu = B · PryRanw (1.16)
where B is a coefficient, y and n are the power law exponents, and Pr is the Prandtl number:
Pr = ν/α (1.17)
where ν and α are the kinematic viscosity and thermal diffusivity of the fluid. The dimen-
sionless heat transfer coefficient, Nu, is defined as:
Nu =
hD
k (1.18)
where D is the depth of the fluid layer, k is the thermal conductivity of the fluid, and h is
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the heat transfer coefficient:
h = q′′c /∆T (1.19)
where q′′c is the convective heat flux, and ∆T is the characteristic temperature difference
from Eq. (1.15) which serves as the driving potential for the transport of heat.
The intensity of the buoyant flow is characterized by Raw:
Raw =
gβ∆T D3
να
=
gβ∆T D3
ν2
Pr (1.20)
where β is the volumetric expansivity of the fluid. The subscript w indicates that Eq. (1.20)
is the water-side Rayleigh number, which is distinct from the air-side Rayleigh number
Raa in Eq. (1.10).
Including the Prandtl number in Eq. (1.16) allows for the diffusive properties of the
fluid to be taken into account in the Nu − Raw relationship. This becomes important when
comparing the convective behavior of different fluids. Globe & Dropkin [31] performed a
Nu − Ra parameterization and used several different liquids to obtain a wide range in Pr
of 0.02< Pr <8750. They found that the exponent for Pr in Eq. (1.16) was y = 0.074. In
this research, it is not possible to determine y in Eq. (1.16) because water is the only fluid
investigated and Pr varies only by 3.89< Pr <5.15 (on account of temperature). Accord-
ingly, the result of Globe & Dropkin is adopted [31], and water-side natural convection heat
transfer is studied with the following form of the Nu − Raw power law scaling:
Nu = BPr0.074Ranw (1.21)
The particular value of the exponent n in Eq. (1.21) has long been the topic of
discussion among natural convection researchers, and is often found to be close to a value
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of n = 1/3. When n = 1/3, it can be shown from Eq. (1.21) that h is independent of the
characteristic length D. Values for n have been obtained from theoretical [13,33,40,51,63,
64, 92], numerical [48, 99, 101], and experimental investigations [16–18, 20, 29, 38, 52, 60,
69–71,84,93,96,97,102]. Virtually all of the Nu−Raw scaling laws have been determined
from the Rayleigh-Be´nard setup, however, which is physically different in both thermal and
hydrodynamic boundary conditions from a body of water bounded above by a free surface.
The free surface condition is arguably a more environmentally relevant case to
study; bodies of water such as lakes and reservoirs are indeed bounded above by an air/water
interface and not a solid plate. The distinction between a free surface and a solid-bound
surface is not trivial because the thermal and hydrodynamic boundary conditions are both
different. A solid plate has a no-slip hydrodynamic boundary condition while a free surface
will tend more towards a shear-free condition. The thermal condition of the solid-bound
Rayleigh-Be´nard study is of the isothermal type, and heat is transferred out of the fluid
through thick, conductive plates. At a free surface, however, the surface is cooled by evap-
oration, and the water vapor and heat are quickly removed from the interface by convection
in the air. As discussed earlier, the convective flow in the water is sustained by surface
cooling due to evaporation; thus, evaporative convection is a scenario that is unique to a
free surface boundary. In order to better understand the convective processes within heated
bodies of water, it is logical to study the free surface case, which very few researchers have
done. Knowledge of evaporative convection has immediate application to the abatement of
heat by cooling impoundments of industrial sites and power plants. These bodies of water
can be made more efficient and optimized to meet heat capacity requirements, for example,
with an improved knowledge of the mechanics of evaporative convection heat transfer.
A principle motivation for a study of the Nu − Raw scaling laws for heated water
bodies is that very limited research exists for these free surface conditions. To the author’s
knowledge, Katsaros et al. [47], Navon & Fenn [67, 68], and Federico & Foraboschi [27]
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Table 1.2: A summary of the Nu−Raw power law scalings B and n from different studies of
convection beneath an air/water interface. The Rayleigh-Be´nard type studies are given by
R-B. All studies shown here were either conducted in water, or Pr=4.3 has been evaluated
for water. The coefficient B in the study of Navon & Fenn [67] has been estimated based
on the data presented in their figure.
Nu = BRan
Study Type B n Ra Range
Navon & Fenn [67] Free 0.052 1/3 1.5 × 104 < Ra < 2.5 × 105
Katsaros et al. [47] Free 0.156 1/3 4 × 108 < Ra < 4 × 109
Federico & Foraboschi [27] Free 0.092 1/3 2.2 × 104 < Ra < 1.1 × 107
Globe & Dropkin [31] R-B 0.077 1/3 1.51 × 105 < Ra < 6.76 × 108
Chu & Goldstein [20] R-B 0.183 0.278 2.76 × 105 < Ra < 1.05 × 108
Malkus [63] R-B 0.083 0.325 5 × 105 < Ra < 1 × 108
Niemela et al. [72] R-B 0.124 0.309 1 × 106 < Ra < 1 × 1017
provide the only Nu−Raw relationships for such conditions to date, which are summarized
in Table 1.2. Katsaros et al. [47] presented the experimental heat flux and temperature data
in a Nu − Raw relationship for a clean free surface condition and found that Nu ∝ Ra1/3.
A very narrow range of Raw was explored; the Nu − Raw power law result is valid only for
one decade of Raw. Furthermore, due to the experimental procedure of Katsaros et al. [47],
it is a possibility that a surfactant monolayer (discussed below) was present at the surface
during experiments and that the surface condition was not clean.
Navon & Fenn [67, 68] conducted their Nu − Raw experiments with a temperature
controlled trough from 2◦C<Tb< 22◦C. Assuming that the air was at standard room tem-
perature, this scenario is not characteristic of a naturally unstable system, and the Nu−Raw
relationship that was developed was for a very low (and narrow) range of 1.5× 104 < Ra <
2.0 × 105. The results of Navon & Fenn [67, 68] were in good agreement with the free
surface Nu − Raw result of Federico & Foraboschi [27].
To date, Federico & Foraboschi [27] explored the widest turbulent range of Raw
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from 2.2 × 104 < Raw < 1.1 × 107 for free surface natural convection. In this dissertation
research, larger values for Raw are achieved experimentally by using several water tanks of
different depths; because the length scale parameter D is raised to the third power in Raw
defined in Eq. (1.20), four decades of Raw from 1 × 106 <Raw4 × 109 have been covered
using 5cm< D <35.5cm; this exceeds the maximum Raw of Federico & Foraboschi [27] by
more than two decades.
1.3 Surfactant Monolayers
Surfactant monolayers are films that are one molecule thick and are concentrated at
the air/water interface on account of their hydrophilic/hydrophobic structure. The surfac-
tants considered here are not soluble in water, and thus tend to organize at the surface with
the hydrophobic group directed away from the water and the hydrophilic group within the
water [44, 81]. Surfactant monolayers can exist at the interface of many liquids, but the
discussion here will be limited to water. A schematic of a surfactant monolayer is shown
in Fig. 1.2.
One important property of surfactant monolayers is the ability to increase the sur-
face pressure π at the interface, defined as:
π = γo − γ (1.22)
where γo is the surface tension of pure water (γo = 72.0 dynes/cm at T = 25◦C) and γ is
the surface tension of the adsorbed monolayer [23]. By Eq. (1.22), the surface pressure π
can be thought of as the lowering of surface tension that will occur when the monolayer is
placed on a clean water surface. The surface pressure π is related to the two-dimensional
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free-surface
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Figure 1.2: Schematic of a surfactant monolayer at an air/water interface illustrating the
hydrophobic/hydrophilic structure. Note that some surfactant molecules are still contained
within the fluid bulk. These, however, will tend to stay at the surface on account of the
hydrophobic group once the molecules have reached the air/water interface.
compressibility of a film, C, defined as [23]:
C = −1
a
(
∂a
∂π
)
T
(1.23)
where a is the surfactant surface concentration and π is the surface pressure from Eq. (1.22).
For a clean surface the compressibility is infinite. Davies [23] gives the generalization that
relatively incompressible surfactants will exhibit C < 0.010m/mN, and for C > 0.02m/mN
roughly, surfactants will behave as elastic films. Thus, the compressibility C in Eq. (1.23)
is an indication of the hydrodynamic boundary condition that is imparted by a surfactant
monolayer. A surfactant which resists compression (i.e. low C) will tend to create a rigid
boundary condition. With respect to a natural convection flow beneath an air/water inter-
face, the warm upwelling water will reach the surface where the vertical velocity necessar-
ily becomes zero, and the fluid accelerates radially outwards in the horizontal direction. If
a surfactant monolayer is present, the horizontal movement of the water will be resisted by
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the film which may compress according to C [23]. For the theoretical case when C = 0
exactly, the surface can be regarded as having a truly rigid, no-slip hydrodynamic bound-
ary condition. The surfactants that were chosen for this investigation (oleyl alcohol, stearic
acid, and stearyl alcohol) exhibit a range of C, which are summarized later in Table 1.3
with other relevant properties.
In addition to their effect on C, surfactants can also inhibit evaporation by acting as
a physicochemical barrier. Many surfactants are able to decrease Ts, and this, in turn, will
reduce the evaporation rate; surfactants which impose the physicochemical effect, however,
directly inhibit evaporation by resisting the passage of water vapor molecules through the
film barrier. Many researchers have studied this effect. Sebba & Briscoe [89], for example,
compressed several monolayers over a range of π and measured the resulting evaporation
rates m˙′′. It was demonstrated that a stearyl alcohol monolayer on a water surface can
reduce the evaporative mass loss by approximately 50% at room temperature. With this
inhibiting effect, a surfactant could be applied to the surface of a water storage reservoir to
reduce the amount of evaporative loss. The ability of some surfactants to reduce evapora-
tion has been a desirable property to investigate for this reason, and many field studies [55]
have been conducted with surfactants to reduce water loss due to evaporation.
La Mer et al. [36] explain that a surfactant which inhibits evaporation is acting pri-
marily as a diffusive barrier to the water molecules as the molecules transfer from the liquid
surface into the vapor phase. That is, the water molecules must pass through the monolayer
before reaching the air. This inhibiting effect can often be increased by compressing the
monolayer at the surface so that the surfactant molecules are packed more closely together
(see Eq. (1.22) and Eq. (1.23)). However, not all surfactant monolayers behave the same;
Sebba & Briscoe state that resistance to evaporation is a property that is highly specific to
certain surfactants [89]. For example, Sebba & Briscoe found that under certain conditions
stearic acid, cetyl alcohol, and arachidic acid can reduce evaporation significantly while
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oleic acid and cholesterol have no observable effect. Sebba & Briscoe [89] attribute the
evaporation resistance to the molecular chain length of the surfactant material, the surface
pressure, and the strength of the hydrophilic bonds within the chains. Langmuir & Schae-
fer [57] also state that the surface pressure and compressibility of a surfactant are directly
related to the ability of the surfactant to reduce evaporation.
While many researchers have studied the physicochemical effect of surfactants on
evaporation, only a few researchers have studied how surfactant monolayers interact with
the natural convection flow of water and how this, in turn, can influce evaporation. An
important work by Jarvis [43] showed that the presence of stearic acid and cetyl alcohol
monolayers affects the temperature difference between the surface and underlying water
bulk. Jarvis made simultaneous water temperature measurements at several depths (includ-
ing the near-surface) for both a clean water surface and a cetyl alcohol covered surface at
approximately 19◦C. Dry nitrogen was passed over the surface at 1.5 liters/minute to allow
for relatively high evaporation rates to occur. Jarvis noted several interesting behaviors
when cetyl alcohol (and also stearic acid) was spread across the initially clean surface: 1)
evaporation decreased, 2) the surface temperature Ts increased, and 3) the fluctuation of Ts
with time was greatly reduced. Jarvis concluded that Ts increased in the presence of the
monolayers because the evaporative heat flux was reduced while the surface layer contin-
ued to gain energy via convective transfer from the bulk. The reduction in the fluctuations
of Ts in the presence of the monolayer indicates an inhibiting effect on the movement of the
water near the surface; Jarvis relates this to an increase in the viscous drag which immo-
bilizes a thin layer of water at the surface and slows the convective processes [43]. While
the work of Jarvis [43] illuminated several ways in which monolayers can affect evapo-
ration and natural convection, the effects on these mechanics were only observed and not
quantified. It remains unknown how, exactly, (and by what quantifiable amount) convec-
tive motion was inhibited. Furthermore, the tests were conducted only at one temperature
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(19◦C), so it was not immediately clear if the conclusions of Jarvis [43] would hold for a
range of temperatures and a range of turbulent, convective flow.
Navon and Fenn [67, 68] investigated the effects of cetyl alcohol and stearic acid
on the Nu − Raw relationship. Evaporation measurements were made at the surface [67] to
determine the evaporative heat flux q′′e from which Nu was computed. That is, the convec-
tive heat flux q′′c was not measured directly rather it was assumed that q′′c =q′′e . They first
found the Nu − Raw relationship that is shown in Table 1.2 for a clean free surface [67].
Next, for temperatures ranging from 2 to 22◦C, they applied surfactant monolayers of cetyl
alcohol and stearic acid and compressed the monolayers to surface pressures ranging from
approximately π = 3 to π = 35 dynes/cm.
It was noted (at least for the case of cetyl alcohol), that compressing the monolayer
to higher surface pressures resulted in an increase in evaporative resistance, a decrease in
the water-side temperature difference ∆T , and a decrease in Nu. The interesting question
then became: is the reduction in Nu caused directly by the reduction of q′′e , or is there also
an inhibition of natural convection on the water side of the interface? Navon & Fenn [68]
directed their attention to the results of the clean surface condition to answer this question.
By comparing Nu for the cetyl alcohol and clean cases at equivalent Ra, it was revealed
that the lowering of Nu that would be expected for the clean case was much less than the
measured decrease in Nu for the cetyl alcohol case. Navon & Fenn point out that this
difference in Nu between the cetyl and clean cases must be directly linked to an effect
on natural convection, and explain that the change in hydrodynamic boundary conditions
causes this. They state that the cetyl alcohol imposes a solid, no-slip condition at the
surface which impedes convective motion and heat transfer while the clean surface remains
free. The results for the stearic acid case are not so easily interpreted, however. Namely,
the values of Nu for the stearic acid case actually rise above Nu from the clean case as
π increases. Navon & Fenn speculate that a local convection cell near the thermocouples
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might have caused this apparent behavior. The results of this study leave several open
questions; first, what is causing the stearic acid to behave differently from the cetyl alcohol
case if both surfactants behave like no-slip boundaries at the surface? Secondly, in the
work of Navon & Fenn [68], the water temperatures ranged from 2 to 22◦C. For 2◦C<Tb<
4◦C, the natural convection ceases to exist because the density of water decreases with
decreasing temperature. At a temperature of 22◦C, the convection is very minimal provided
that the air temperature is approximately 20◦C. The question that remains unanswered is
how do monolayers affect convection within heated water bodies when the convective heat
transfer is more significant than the case explored by Navon & Fenn [68]? Lastly, it is
unknown if and how the Nu − Raw relationship developed by Navon & Fenn [68] for a
clean surface will change in the presence of different surfactant monolayers (and the surface
conditions that the monolayers impose). This last problem is a principle motivation for this
research.
In order to answer the questions regarding the role of monolayers in heat and mass
transfer processes, oleyl alcohol, stearic acid, and stearyl alcohol surfactants were chosen
based on their properties that would allow for a variety of hydrodynamic and evaporative
conditions to be observed. In contrast to the clean surface case for which the boundary
condition at the surface is sheer-free, it is desired to impose a rigid no-slip condition that
will sustain shear and also an elastic condition that will allow for the surface to deform
somewhat under shear.
In addition to exploring the effects of hydrodynamic surface conditions on heat and
mass transfer processes, it was also desired to study these processes in the presence of at
least one surfactant which is known to directly inhibit evaporation via the physicochemical
effect; specifically, stearyl alcohol was used for this purpose. The other two surfactants,
oleyl alcohol and stearic acid, are known to have no direct (i.e. physicochemical) effect on
evaporation; as discussed earlier, oleyl alcohol and stearic acid could indirectly lower m˙′′
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by decreasing Ts, but this change should be small. The use of these surfactants allows for
two different heat transfer boundary conditions to be explored (i.e. uninhibited vs. inhibited
m˙′′).
The properties of oleyl alcohol, stearic acid, and stearyl alcohol have been relatively
well studied in the literature. The documented information includes surface pressure-area
isotherm charts, surface pressure and surface viscosity relations as a function of tempera-
ture, solubility data, and evaporation resistances [2, 4, 5, 11, 22, 34, 35, 37, 39, 42, 58, 74, 78,
80,89]. Additionally, literature exists regarding the best practices for preparing and spread-
ing these surfactants onto water surfaces [26, 36, 55, 56]. Importantly, these surfactants are
quite safe to use in the laboratory, and do not require the use of hazardous agents for effec-
tive spreading. The body of existing work regarding these monolayers will provide grounds
for comparison and discussion of the results. The surfactant materials that are proposed for
study in this research are outlined below.
1. Oleyl alcohol [C18H36O] is a fatty alcohol that is insoluble in water and imposes an
elastic boundary condition at the air/water interface (i.e. one that supports shear) [46,
86–88]. Research has also shown that its presence does not impede evaporation via a
physicochemical effect [43,46]. When oleyl alcohol is added to a surface in sufficient
quantity, it forms a film at πesp, and excess bulk material will remain as a lens on
the surface [55]. Compression of oleyl alcohol beyond πesp will not increase its
surface pressure π, but will force molecules out of the monolayer and cause additional
lenses to form. Because of this behavior at πesp, oleyl alcohol can be considered to
have constant elasticity. Oleyl alcohol can be easily spread across a surface with a
microsyringe from a solution of oleyl alcohol and heptane.
2. Stearic acid [C18H36O2] (also octadecanoic acid) is a saturated fatty acid that ex-
ists as a waxy solid at room temperature [55]. It is easily spread across a water
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Table 1.3: Comparison of the different surfactant monolayer properties. The three-
dimensional melting point is provided, and the equilibrium spreading pressures πesp are
given for a temperature condition of 40◦C. The compressibility C is defined by Eq. (1.23).
Surfactant 3-D M.P. (◦C) πesp (dynes/cm) C (m/mN)
Oleyl Alcohol [55] 0-5 29 0.019
Stearic Acid [55] 69.6 3 0.0085
Stearyl Alcohol [55] 60.0 45 0.0007
surface with the aid of a heptane spreading agent [36]. Sebba and Briscoe [89] have
documented the resistance to evaporation of stearic acid as a function of surface pres-
sure. In their work, stearic acid reduced evaporation only at spreading pressures four
times greater than πesp. That is, the monolayer will not naturally provide evapora-
tive resistance unless it is compressed by some means. However, because of it’s low
compressibility C, this monolayer still provides an essentially rigid hydrodynamic
boundary condition [21, 68, 74, 80]. Other surface properties of stearic acid are well
documented [2, 26, 35, 42, 55, 74].
3. Stearyl alcohol [C13H37OH] (also octadecyl alcohol, or octadecanol) is a long chain
fatty alcohol that is a white flaky powder at room temperature [55]. When it is pre-
pared into a finely ground powder and deposited across a surface, the crystals spread
into a monolayer at the πesp [36]. A stearyl alcohol monolayer imposes a hydro-
dynamic boundary that is similar to that of stearic acid (i.e. rigid). The ability of
stearyl alcohol to reduce evaporation, however, is highly dependent upon its phase.
Phase diagrams from several researchers [34,58,74] indicate that at πesp and temper-
atures below approximately 50◦C, stearyl alcohol will exist in a phase that is known
to impede evaporation by up to 60% [5, 22, 55, 58, 89].
This introduction has summarized the literature relevant to: 1) natural convection
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on the water-side of an air/water interface, 2) evaporation to the air above an air/water
interface, and 3) the effect of surfactant monolayers on both processes. The problem that
motivates this research is the prediction of the combined evaporation and convective heat
transfer from a body of water that is warmer than the air above it, at zero wind speed. An
improvement in the ability to predict such transport rates requires a better understanding
of all three of the research areas listed above. To show how this improved understanding
actually contributes to better predictions of evaporation rates, the solution strategy that is
used to get m˙′′ and q′′c is now presented.
First, it is noted that in a typical application, measurements that would be readily
available are Tb, T∞, and φ. It is unlikely that Ts would be attainable since it would require
an IR method and problems due to reflections from the Sun and sky would have to be
addressed. Accordingly, the overarching goal is to obtain m˙′′ and q′′c from the variables
(Tb, T∞, φ). To do this requires the water-side convective heat flux:
q′′c = f (Tb,Ts), (1.24)
the air-side fluxes, consisting of the evaporative flux:
q′′e = m˙
′′h f g = f (Ts,T∞, φ) (1.25)
where h f g is the latent heat of vaporization for water, and the air-side convective flux:
q′′c,air = f (Ts,T∞) (1.26)
and lastly, the flux of radiated energy from the surface:
q′′r = f (T 4s ,T 4∞, ǫ) (1.27)
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where ǫ is the emissivity of the water. Assuming the system is steady (or at least in quasi-
equilibrium), the water-side heat flux is balanced by the air-side energy fluxes:
q′′c = q
′′
e + q
′′
c,air + q
′′
r (1.28)
To obtain m˙′′, q′′e must be obtained, which requires Ts. This is done by iteratively
solving the energy balance in Eq. (1.28). Once Ts is obtained, m˙′′ can be computed from
Eq. (1.25). The contribution of this dissertation research to this solution is through im-
proved equations for q′′c and q′′e which are determined from the dimensionless Nu − Raw
and S h− Raa parameterizations, respectively. This methodology will allow for operational
estimates of m˙′′ (and similarly q′′c ) to be made for natural convection conditions. This pro-
cedure is demonstrated and discussed in detail in Chapter 5, along with its shortcoming and
suggested directions for future research.
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Chapter 2
Objectives
The objectives of the proposed research are as follows:
1. Determine the S h − Raa power law relationships to characterize the efficiency of
evaporation for the given surface conditions: (a) an oleyl alcohol covered surface,
(b) a stearic acid covered surface, (c) a stearyl alcohol covered surface, and (d) a
clean surface.
2. Determine the Nu − Raw power law relationships to characterize the efficiency of
water-side convective transport for the given surface conditions: (a) an oleyl alco-
hol covered surface, (b) a stearic acid covered surface, (c) a stearyl alcohol covered
surface, and (d) a clean surface.
3. Compare the results from 1 and 2 to reveal the mechanism(s) by which surfactant
monolayers affect (or do not affect) heat and mass transport from heated water bodies.
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Chapter 3
Experimental Method
3.1 Experimental Facility
The experiments for this dissertation research were conducted in a laboratory envi-
ronment with insulated tanks of warm water in the facility shown in Fig. 3.1. During an
experiment, the water was allowed to cool down under a specific surface condition while
the bulk temperature Tb, the average surface temperature Ts, the ambient air temperature
T∞, the ambient relative humidity φ, and the evaporative flux of water m˙′′ were measured.
From these measurements, S h, Nu and Ra were subsequently computed. The surface con-
ditions were imposed by applying surfactant monolayers of 1) oleyl alcohol, 2) stearic acid,
and 3) stearyl alcohol, and by removing all indigenous material to obtain 4) a clean surface.
The tanks were constructed of glass and sealed with silicone RTV. The outside
walls were insulated with 4cm foam to minimize heat loss. Seven tanks of varying depth
5cm< D < 35.5cm and width 15.2cm< W <60.8cm were used, and these are summarized
in Table 3.1. The tanks were all square in footprint. The combination of depths D and
widths W used herein allowed for a Rayleigh number range of 2× 106 < RaW < 3× 109 on
the water-side and 3 × 106 <Raa< 6 × 109 on the air-side, respectively.
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Figure 3.1: The experimental facility and insulated water tank with the a) HeNe laser, b)
spatial beam filter optics, c) reflector mirror, d) position sensing device (PSD), e) the Tb
and T∞ data logger, f) the tripod-mounted IR camera for Ts measurement. Not shown here
are the T∞ probe and the thermohygrometer for the measurement of φ; these components
are placed far from the tank. The entire facility was located on a sturdy optics bench.
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Table 3.1: The tank dimensions used in these experiments (marked with an X). For each
tank, at least three runs were conducted for each of the three surfactants in addition to at
least twelve clean surface runs.
Depth D
5cm 10.1cm 15.2cm 35.5cm
Width W
15.2cm X - - -
30.4cm X X X X
45.6cm X - - -
60.8cm X - - -
The temperatures Tb and T∞ were measured with a Fluke 5611T thermistor (±0.01◦C)
and a General Electric CSP60BA103M-H/2-90 thermistor (±0.01◦C), respectively. The Tb
and T∞ data were logged at a rate of 1Hz with a Hart Scientific 1529 Chub-E4 Thermometer
Readout (±0.002◦C accuracy and 0.0001◦C resolution). The thermistors were periodically
tested with an ice bath to detect calibration drift, and the temperature readings were verified
to within the accuracy of the thermistors ua=0.01◦C of the ice point 0◦C. The Tb probe was
inserted into the water at the edge of the tank and was positioned near the geometric center
of the water bulk. The T∞ probe was located far away from the vicinity of the cooling tank
such that the measurement of T∞ was not affected by the relatively warm plumes of air
rising above the water surface. The ambient relative humidity was measured with a Digi-
Sense Thermohygrometer data logger and probe (±0.2% of reading), which was placed far
from the tank, near the T∞ probe.
3.2 IR Imaging
An M-Wave IR camera (model MW320F4 from IR Cameras Infrared Imaging Sys-
tems) was used to measure Ts at a rate of 3Hz. The camera was fixed to a tripod and located
above the tank at an angle of 25◦ from vertical, and at a distance of 625mm from the lens
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Figure 3.2: The intensity-to-temperature calibration curve for the IR camera. The standard
deviation of the data from the calibration fit is 0.07◦C.
to the center region of the water surface. The observed surface region was approximately
7.6×5.7cm with an image resolution of 42 pixels/cm. The camera detector was a 320 x 240
indium antimonide focal plane array (noise equivalent ∆T = 0.015 K), which is sensitive
to light in the 1.5-5.5µm wavelength band; the average optical depth of water at this wave-
length range is approximately 40µm [77]. Hence the surface temperature measurement
presented here is actually an average of this very thin layer. A calibration was performed
prior to experiments to relate the image intensity to temperature to an accuracy of ±0.082K
according to the procedure developed by Bower et al. [10]. The resulting calibration curve
is shown in Fig. 3.2. Details of this calibration procedure are provided in Appendix B. It is
noted that Ts is the instantaneous spatial average of all 76,800 pixels in the image (i.e. the
average of all Ts(x, y) at time t).
As mentioned previously, the IR camera measures the average temperature within
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Figure 3.3: A schematic of the temperature profile near the surface region where δ is the
optical depth. The measured surface temperature within δ is extrapolated to the surface.
For reference, Tb is shown within the bulk fluid.
the very thin δ=40µm optical depth of the water. Figure 3.3 illustrates that the actual surface
temperature (i.e. the temperature of the layer of water exactly at the air/water interface)
can be approximated by extrapolating the measured temperature within the optical depth to
the surface by assuming that the temperature Ts(y) varies linearly with depth close to the
surface:
q′′c = −k
∆T
∆y
(3.1)
Equation (3.1) can be used to estimate the actual surface temperature, if the entire opti-
cal depth falls within the region of the thermal boundary layer that is linear. Since the
boundary layer under these conditions is typically on the order of 1mm, this is a reasonable
assumption. Assuming also that the temperature reported by the camera is equal to the
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actual temperature halfway through the optical depth (δ/2), then Ts(0) is:
Ts(0) = Ts(δ/2) +
q′′c δ/2
k (3.2)
For the q′′c explored in this investigation, the difference between Ts(δ/2) and Ts(0) ranges
from approximately 0.008◦C to 0.025◦C.
The use of the IR camera allowed for visual observation of the surface conditions in
addition to the measurement of Ts. The IR images in Fig. 3.4 show the contrasting appear-
ance of a clean surface and a surfactant monolayer covered surface. The image intensity
corresponds to temperature; the light pixels indicate warm regions, and the darker pixels
indicate cooler surface regions. Fine scale structures are exhibited in Fig. 3.4(a), which are
absent from Fig 3.4(b) when the surface is covered with a monolayer. Experimentally, a
clean surface is very difficult to obtain and maintain. In order to achieve a clean surface
condition, indigenous surfactant material was removed using a manual cleaning procedure
which is discussed later in Section 3.4. The IR camera provided in situ verification of the
surface cleanliness during the cleaning procedure as well as during experiments.
3.3 Evaporation Measurements
Two methods for the measurement of the evaporation rate were explored during
this investigation: 1) a mass balance method which was ultimately abandoned, and 2) a
laser-based method which was used during these experiments. The mass balance method
is described in full detail in Appendix A, but is introduced briefly here. The mass bal-
ance method used an electronic mass balance which was positioned beside the water tank.
A small beaker of water was placed on the balance weighing pan, and a primed siphon
tube connected this beaker of water with the water in the tank. Thus, as water evaporated
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(a) (b)
Figure 3.4: IR images of a water surface: (a) in the absence of surfactant material, i.e. clean,
and (b) in the presence of a surfactant monolayer (oleyl alcohol). For both images, the
temperature of the underlying water is Tb ≈ 37◦C, and the viewing area is approximately
7.6x5.7cm.
from the tank, the heights of the water surfaces were unequal, and water from the beaker
would flow through the siphon and into the tank to maintain equilibrium. The mass bal-
ance recorded the change in mass of the beaker, and a differential equation was developed
to relate this measurement to the actual evaporation rate from the tank. This method was
eventually abandoned in favor of the laser-based method described below mainly due to an
experimental difficulty regarding the clean surface experiments. Specifically, the constant
(albeit small) flow of water through the siphon would introduce contamination into the tank
which prevented the clean surface condition from being maintained for a sufficient amount
of time.
The laser-based method quantifies evaporation by measuring the rate of change of
the height of the water surface, which corresponds to the rate at which water mass is lost.
The main components of this laser apparatus are the laser, a spatial beam filter (two lenses
and a pinhole aperture), a tilted mirror, a position sensing detector (PSD), a signal amplifier,
and a data acquisition device. The laser-based measurement facility is shown in Fig. 3.1.
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Figure 3.5: The laser is shown to be reflecting off of the water surface at two different
heights, separated by an amount h. Due to the geometry, the laser will change by an amount
2h on the face of the PSD, and is actually independent of the angle of incidence θ.
All components of the laser setup were fixed securely to an optics bench. The
laser (10mW JDS Uniphase Model 1135 633nm HeNe) emitted a beam (0.68mm diameter)
which first passed through components of a spatial filter in order to re-shape the beam
intensity profile to a Gaussian. This step was not critical to this method, but was done to
ensure consistent performance. The beam was directed down towards the water surface at
an angle of approximately 57◦ from normal using a mirror. A component of this beam was
reflected off of the water surface and was directed towards the PSD (On-Trak PSM2-20
Duolateral PSD Module with a silicon photodiode detector). The PSD was mounted so that
its normal was parallel to the water surface; due to this geometry, a decrease in the surface
height of δh results in a change of the position of the reflected beam on the PSD by 2δh
as seen in Fig. 3.5. This measured height change was independent of the angle at which
the beam was directed towards the tank surface, and 57◦ was used here to accommodate
the footprint of the experimental facility. The output of the PSD from the amplifier (On-
Trak OT-301) is two signals ranging from 0-10V which correspond to the x and y centroid
locations of the light striking the PSD surface. The intensity of the laser was large enough
that the contribution of ambient light from the laboratory was negligible. The y-direction
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signal, Y , was acquired with a DATAQ DI-158U device at a rate of 80Hz. Changes in the
height of the surface were measurable to within 5µm. The PSD is an analogue device and
this 5µm resolution was due to the amplifier. During an experiment, the change in height of
the water surface, obtained from the PSD Y signal, was used to determine the quantity of
mass lost using the liquid density and the area of the water surface (see Section 3.5 below).
Typically, the height of the water surface would decrease by approximately 0.4mm during
the course of an experiment. The fluid depth D used in Raw in Eq. (1.20) was regarded as a
constant, however, as shown in Table 3.1.
The laser-based method was susceptible to relatively large fluctuations in the signal
due primarily to vibrations in the building that would propagate to the tank and cause small-
amplitude surface waves (barely distinguishable to the naked eye). These waves caused the
angle at which the beam was reflected from the surface to change, and thus the position of
the beam incident upon the PSD would oscillate in the vertical direction. An example of
the signal fluctuation due to these small vibrations is shown in Fig. 3.6(a). This problem
was diagnosed in the frequency domain by performing a fast Fourier transform (FFT) of
the PSD signal when the laser was reflecting off of the water surface. An example of the
frequency analysis result is shown in Fig. 3.6(b) where various spikes are seen around 7,
13, 21, and 28Hz. The noise was absent from the signal when the laser was reflected off
of a rigid mirror instead of a water surface; thus, this problem is unique to vibrating liquid
surfaces.
To alleviate the above problem, a vibration-damping system was constructed and
placed underneath the experimental setup on top of the laboratory table as shown in Fig. 3.7.
This damping system consisted of four partially inflated tractor tire inner-tubes which sup-
ported the corners of a heavy 3’×5’ optics bench (Newton). Within the center of each
inner-tube was a small bag of sand, the combination serving as a dashpot. Pressure hoses
connected each of the four inner-tubes to the same pressure source and low pressure gauge;
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in this configuration, the pressure within each tube was equal. This ensured that the optics
table was always level regardless of the pressure, assuming the sand bags supported a small
fraction of the weight. Quick-disconnect hardware allowed the system to be inflated from
the pressurized house air system, and the low pressure gauge was checked before perform-
ing experiments to ensure the system was pressurized to 2psi. An example of the PSD
signal when the laser was reflecting off of the water surface on top of the damping system
is shown in Fig. 3.6(c) and Fig. 3.6(d), showing significant noise reduction, from an rms
voltage of 0.743V to 0.255V. This still is a significant noise level, however. Accordingly,
the PSD signal was filtered to remove the frequency content above 10Hz with a 10th order
Butterworth filter. The same data shown in Fig. 3.6(c) is re-displayed in Figs. 3.6(e) and (f)
after the Butterworth filter has been applied, revealing an rms deviation of only 0.064V.
An example time trace of the PSD signal during a surfactant experiment is shown
in Fig. 3.8 along with an exponential fit to Y; the fitting procedure for Y is presented later in
Eq. (3.7) in Section 3.5. The signal fluctuation from the fit is characterized by the PDF in
the inset of Fig. 3.8, which closely resembles a normal distribution (represented by the solid
line on the PDF). This indicates that the fit well-represents the time averaged change in the
height of the water surface despite the fluctuation caused by the surface waves. Because the
small amplitude waves were sinusoidal, the average height of the surface was not affected.
In fact, essentially the same fit to Y is obtained whether or not the signal Y is processed
with the aforementioned Butterworth filter which indicates that the noise has a negligible
effect on curve fitting (described later).
The Y voltage output of the PSD was calibrated to the physical y-location of the
beam on the PSD. This calibration was conducted by fixing the PSD to a vertical microme-
ter stand (10µm resolution); the laser beam was directed onto the PSD and the signal output
was recorded. Then, the micrometer stand was adjusted vertically by a known amount, and
the resulting signal output was again recorded. This procedure was repeated for a height
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Figure 3.6: Signal fluctuation from the mean (Y ′ = Y − Y)) of data acquired at 80Hz and
the respective frequency content when the laser is reflecting off of the water surface. The
conditions are: (a & b) no vibration damping, rms is 0.743V, (c & d) after implementing
the vibration damping table, rms is 0.255V, and (e & f) filtering the data in conjunction
with the use of the damping table, rms is 0.064V. The data from this last case are the same
as what is shown in (c & d) with filtering added.
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Figure 3.7: The vibration damping system consisting of: a) the heavy optics bench upon
which the experimental facility in Fig. 3.1 is arranged, b) four inner-tubes pressurized at
2psi, c) the hose junction, d) the low pressure gauge, and e) the connection for the house
compressed air source. The bags of sand within each of the the inner-tube centers are not
shown.
range of 0.25mm< h <2mm, giving a calibration coefficient C = 992.2 ± 7.9mV/mm (or
roughly 1V/mm).
The ability of the laser setup to accurately measure m˙′′ was tested in separate ex-
periments by adding room temperature water into a tank at known, steady rate with a
programmable syringe pump while the laser system recorded the changing height of the
surface. A range of 50mg/m2s< m˙” <450mg/m2s was tested which covered the range of
m˙′′ expected during experiments. The laser setup was able to measure m˙′′ to an uncertainty
of ±9.1mg/m2·s of the true mass flux provided by the syringe pump.
3.4 Surface Preparation
Prior to each experiment, the Tb probe and tank were thoroughly cleaned with
reagent grade methanol (> 99%, Sigma-Aldrich). The tank was filled to the rim with wa-
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Figure 3.8: An example time trace of the PSD signal (left ordinate) from a stearyl alcohol
experiment on a 30.5x30.5x5cm tank. The exponential fit of the form given by Eq. (3.7)
is shown with the white line through the data, and is subsequently used to find m˙′′ (right
ordinate) using Eq. (3.9). The PDF of the data fluctuation from the fit is shown in the inset
with a zero mean, a standard deviation of 0.048V, and a skewness of 0.0272. A normal
distribution is shown on the PDF with the solid line.
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ter (distilled with a Barnstead Fistreem III glass still), which was heated to approximately
40◦C with a submersion heater. The heater was then removed and the surface was cleaned
until it was free of indigenous surfactant film.
The initial cleaning procedure was critical not only to the clean surface experiments,
but also to the surfactant runs to ensure uniform and efficient spreading. A second IR cam-
era (Inframetrics ThermaCAM SC1000) was employed to visually monitor the cleanliness
of the entire surface during the cleaning procedure; this was done because the viewing area
of the IR camera which measured Ts was limited to an area of only 7.6cm×5.7cm. The sur-
face was swiped several times with Kimwipe-brand tissues. This swiping method removed
the majority of indigenous surfactant film from the surface, but further cleaning was of-
ten required in order to clean the corner and edge regions of the interface. A peristaltic
pump and a small diameter needle were used slurp away the remaining film from these
regions. This procedure was continued until the second IR camera revealed that the entire
surface was clean. Next, either a clean surface experiment was initiated, or the surface was
prepared with a surfactant monolayer.
Each of the three surfactants required a unique spreading technique. All surfactants
used here were insoluble in water. Oleyl alcohol (> 99%, Sigma-Aldrich) was applied to
the surface in a 50.0mg/mL solution of heptane (> 99% HPLC grade, Sigma-Aldrich) to
aid with spreading. Approximately ten times the amount of oleyl alcohol required to reach
the equilibrium spreading pressure, πesp, was applied to the surface [100] to account for
finite loss of the alcohol from evaporation or dissolution into the water bulk (this quantity
is expected to be small). At πesp, the monolayer is in equilibrium with the stable bulk
phase, and additional spreading from the bulk will not occur unless the surface pressure
π deviates from πesp due to loss of surfactant from the film [30]. Thus, a lens of oleyl
alcohol remained at the surface which was available for self-spreading to maintain πesp
during the course of an experiment [55]. Similarly, for the stearic acid case, a 1.4mg/mL
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Table 3.2: Monolayer compressibility C.
Surface Condition Compressibility C (m/mN)
Clean [30] ∞
Oleyl alcohol [45] 0.019
Stearic acid [73] 0.0085
Stearyl alcohol [73] 0.0007
solution of stearic acid (> 98%, Sigma-Aldrich) and heptane was applied to the surface [35]
to achieve πesp. Ten times the amount of the stearic/heptane solution required to reach
πesp was added to the surface to ensure complete coverage throughout the run [15]. For
stearyl alcohol, the surface was prepared by grinding the solid stearyl alcohol (95%, Acros
Organics) into a fine powder [62] and distributing it evenly across the surface at an area
concentration of approximately 1.3g/m2. The stearyl alcohol monolayer would spread from
these powder flakes, and some solid particles remained undepleted at the interface. For all
cases, the surfactants were allowed to equilibrate on the surface for no less than five minutes
before data was acquired. Three experiments were conducted under each of the surfactant
conditions for each of the seven tanks. Data was acquired for each surfactant experiment
for approximately one hour.
The compressibilities of each of the surfactants used here are presented in Table 3.2.
For oleyl alcohol, Kato et al. [45] determined C = 0.019m/mN. Nutting & Harkins [73]
found C = 0.0085m/mN and C = 0.0007m/mN for stearic acid and stearyl alcohol, re-
spectively. Hence, stearyl alcohol is the least compressible monolayer used here, and oleyl
alcohol is the most compressible. As noted earlier, C → ∞ for a clean surface.
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Figure 3.9: (a) The temperature traces and respective fits from Eq. (3.3) for a surfactant
experiment, and (b) the corresponding total heat flux q′′t and convective heat flux q′′c as the
water cools down over a 60 minute period computed from Eq. (3.5) and Eq. (3.6). The fits
to Tb and Ts are not visible in (a) because they describe the measurements very well and
are obscured by the data.
3.5 Data Reduction
Throughout the course of each experiment, T∞ and φ were regarded as constants
since they varied very little (the average rms of the data for all experiments was 0.02◦C and
1.6%RH, respectively). The time derivatives of Tb, Ts and the water height were requires.
Hence, these measurements required some sort of fitting so that an accurate time derivative
could subsequently be ontained.
For the surfactant runs, Ts and Tb were both fit with an exponential function of the
form:
T (t) = (Ti − T∞)e−t/τ + T∞ (3.3)
where Ti, T∞, and τ are fitting parameters representing the initial temperature, the asymp-
totic temperature as t → ∞, and the temperature decay time constant, respectively. An
example of a temperature time trace and its fit is shown in Fig. 3.9.
In order to determine q′′c and also m˙′′, it was necessary to compute the time-rate-
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change of Tb which was done analytically from the Tb fit from Eq. (3.3):
dTb(t)
dt = −
1
τ
(Tb,i − Tb,∞)e−t/τ (3.4)
The total heat flux from the water was then computed as:
q′′t (t) = −ρcpD
dTb
dt (3.5)
where ρ and cp are the density and specific heat of liquid water, respectively. These fluid
properties were evaluated at the average of Tb and Ts.
The total heat loss q′′t deviated from the desired q′′c due to heat loss through the insu-
lated tank walls q′′w. The wall losses for each tank were determined following the procedure
of Katsaros et al. [47]; separate experiments were conducted in which an insulated lid was
placed on the tank and Tb and T∞ were measured as the water cooled. Under this fully-
insulated condition, the wall losses were known as a function of Tb −T∞. Subsequently, q′′c
was determined by subtracting the wall losses from q′′t :
q′′c (t) = q′′t −
(
4WD + W2
4WD + 2W2
)
q′′w (3.6)
The quantity in parenthesis in Eq. (3.6) accounts for the losses through the insulated tank
bottom and side walls during experiments (and not the free surface). These wall losses are
approximately 3% of q′′t . Figure 3.9(a) shows q′′t and q′′c corresponding to the temperature
time traces in Fig. 3.9(b). With q′′c known, Nu was computed using Eqs. (1.18) and (1.19).
The data reduction procedure for the clean surface experiments differed from the
surfactant experiments on account of the shorter duration of data collection. Because the
clean surface experiments lasted approximately five minutes (as opposed to ≈60 minutes
for the surfactant experiments), the rates of change of Tb and Ts were essentially constant
41
0 1 2 3 4 5
38.5
39
39.5
40
T 
/ ( 
o
C)
Elapsed Time / (minutes)
 
 
Tb
Tb fit
T
s
T
s
 fit
Figure 3.10: An example of the temperature time traces and linear fits from a clean surface
run lasting five minutes. The heat fluxes that corresponds to this data are q′′t = 622W/m2
and q′′c = 602W/m2 computed from Eq. (3.5) and Eq. (3.6), respectively.
over these short periods of time. The temperature data were fit to a line for this reason as
opposed to an exponential function for the longer surfactant runs. The resulting time-rate-
change of Tb was thus a single value, from which a single value of q′′c was computed using
Eq. (3.6). An example of a temperature time trace and linear fit is shown in Fig. 3.10.
In the same manner as the temperature data, the evaporation data were also fit using
two different methods depending on whether the experiment was for a clean surface con-
dition or a surfactant condition. For the surfactant runs, the PSD signal was fit to quantify
the changing height of the water surface with an exponential function of the form:
Y(t) = (Yi − Y∞)e−t/τ + Y∞ (3.7)
where Yi, Y∞, and τ are fitting parameters representing the initial value Y(t = 0), the asymp-
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totic value of Y as t → ∞, and the PSD signal decay time constant, respectively. Figure 3.8
gives an example time trace of Y and the exponential fit from Eq. (3.7). From the fit given
by Eq. (3.7), the time-rate-change of the PSD signal dY(t)/dt was computed analytically
(similar to Tb with Eqs. (3.3) and (3.4)):
dY(t)
dt = −
1
τ
(Yi − Y∞)e−t/τ (3.8)
The evaporation rates for the clean surface condition data were determined from
linear fits to the PSD signal Y . The resulting time-rate-change of Y was thus a single value.
Thus, each clean surface experiment was represented by a single value of m˙′′ in subsequent
figures.
For clean and surfactant conditions alike, m˙′′ was ultimately determined from the
fits to the PSD signal Y and Tb data. It is important to note that the height of the water sur-
face decreased on account of both evaporative loss and volumetric (i.e. density) change due
to cooling of the water. The net evaporative flux is computed with dY(t)/dt and dTb(t)/dt
according to:
m˙′′(t) = −ρ
(
C
2
dY(t)
dt − βD
dTb(t)
dt
)
(3.9)
where C is the PSD position-to-volts calibration and β is the volumetric expansivity of wa-
ter. The first grouping of terms within the parenthesis in Eq. (3.9) represents the measured
rate of net height change (or apparent change), and the second group of terms is the correc-
tion which accounts for the rate of height change due only to the changing density of the
liquid water. Figure 3.8 shows an example time trace of m˙′′ computed from Eq. (3.9) with
the exponential fit to Y . S h was subsequently computed from m˙′′ according to Eq. (1.7).
The temperature dependence of fluid properties was taken into account for both air
and water-side quantities. Water-side properties were evaluated at the average of Ts and Tb
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when computing Nu and Raw; similarly, air-side properties were evaluated at the average
of Ts and T∞ when computing S h and Raa. The diffusion coefficient of water vapor in air,
D, was computed according to:
D = D298K
Ts + 273298K
3/2
p
(3.10)
where D298K is the diffusion coefficient of water vapor in air at 298K, Ts is in (◦C), and the
total pressure p is assumed to be constant [41].
To determine Raa as defined by Eq. (1.10), it is necessary to compute the moist
air density difference ∆ρ between the surface and the ambient. The procedure shown here
follows the method of Sparrow et al. [94], and treats the air and water vapor as independent,
ideal gases. First, the density of water vapor in the air is computed using the measurement
of φ and T∞:
ρwv,∞ = φ · ρsatwv (T∞) (3.11)
where ρsatwv (T∞) is the equilibrium saturation density at T∞ obtained from the steam ta-
bles [66]. Next, ρwv,∞ from Eq. (3.11) is converted to pwv,∞ using the ideal gas law and is
subsequently subtracted from the atmospheric pressure patm to determine the dry air pres-
sure:
pa,∞ = patm − pwv,∞ (3.12)
The ideal gas law is employed again to calculate the dry air density ρa,∞ from the air pres-
sure in Eq. (3.12). The density of the moist air ρ∞ is then determined by:
ρ∞ = ρa,∞ + ρwv,∞ (3.13)
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The procedure for determining the density of the moist air at the surface ρs is the
same as that shown above with T∞ replaced by Ts and φ set to unity. This assumes the vapor
concentration at the surface is the equilibrium saturation value at Ts; Barnes [3] indicates
that deviation from the equilibrium saturation concentration is negligible, as evidenced by
the experiments of Cammenga et al. [14]. This may not be the case, however, as will be
further discussed in Chapter 5. The density of water vapor at the surface is thereby given
as:
ρwv,s = ρ
sat
wv (Ts) (3.14)
3.6 Uncertainty Analysis
The uncertainties of the dimensionless parameters are presented here following the
procedure of Figliola & Beasley [28]. The measurement uncertainties of Ts, Tb, T∞, φ, and
m˙′′are due to: 1) zero-order uncertainty of the measurement devices u0 = ±1/2 resolution,
2) the accuracy of the measurements ua, and 3) the deviation of the data from the fits σ.
These uncertainties are summarized in Table 3.3. The combined measurement uncertainties
were quantified by summing the squares according to:
uT =
√
u2o + u
2
a + σ
2 (3.15)
Sequential perturbation was used to quantify the propagation of each of the total
measurements uncertainties uT through the dimensionless results. The measurements in
Table 3.3 were numerically increased and decreased by the amount uT and the dimension-
less results, which will generally be referred to as R to represent S h, Nu, Raw, and Raa,
were recalculated. These new values (R+i and R−i for the perturbations of +uT and −uT
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Table 3.3: The zero-order uncertainty u0, the instrument accuracy ua, standard deviation of
the data from the fit σ, and the combined total uncertainty uT of the measurements.
Measurement u0 ua σ uT
Tb / (◦C) 0.00005 0.01 0.02 .0224
T∞ / (◦C) 0.00005 0.01 0.02 .0224
Ts / (◦C) 0.005 0.082 0.05 0.096
φ / (%RH) 0.05 1.2 1.6 2.0
m˙′′ / (mg/m2·s) - 9.1 - 9.1
Table 3.4: The uncertainty of the dimensionless results presented as percentages of the
dimensionless groups.
Surface Condition Nu Raw S h Raa
Clean Surface ±19.9% ±25.5% ±4.7% ±0.7%
Oleyl Alcohol ±7.5% ±8.1% ±6.5% ±0.8%
Stearic Acid ±7.8% ±8.4% ±6.8% ±0.8%
Stearyl Alcohol ±9.7% ±10.7% ±11.4% ±0.6%
respectively) were compared with the original R to determine the variation on account of
each respective measurement uncertainty uT . The uncertainty from each measurement i
was approximated by:
δRi
R
=
δR+i − δR−i
2R
(3.16)
Here, δRi/R is considered instead of just δRi because several orders of magnitude have
been explored. The combined uncertainty for each dimensionless group uR from all mea-
surements i was estimated by summing the squares of all N uncertainty contributions:
±uR% = ±uRR = ±
√
N∑
i
(δRi
R
)2 (3.17)
The clean surface condition has the largest uncertainty in Nu and Raw due to the
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relatively small water-side ∆T ; the average value of ∆T for all clean experiments is ∆T =
0.48◦C, compared to ∆T ≈ 1.0◦C for the surfactant runs. The bulk water temperature
Tb was measurable within ±0.0224◦C compared to Ts which is only known to within
±0.096◦C. The uncertainty in Ts therefore affects ∆T (and thus Nu and Raw) by as much as
almost 20% for the clean cases, and by no more than 10% for the surfactant conditions.
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Chapter 4
Results
In this chapter, IR images from the different surface conditions are provided along
with the dimensional Tb, T∞, Ts, and m˙′′ results from experiments. Next, the effects of
surfactant monolayers on natural convection heat transfer and evaporative mass transfer
are revealed via the dimensionless Nu−Raw and S h−Raa parameterizations, which are the
first such results.
4.1 Dimensional Results
IR images of the different surface conditions are shown in Fig. 4.1. As introduced
in Section 3.2, the IR image intensity corresponds to temperature; light pixels indicate
warm regions, and darker pixels indicate cooler surface regions. There is a very clear
difference between the clean surface condition and the surfactant cases (also seen earlier
in Fig. 3.4). Present in these images are long, slender dark lines, or sheets (longer in
the surfactant images than in the clean ones). These sheets are indicative of the natural
convection motion in the underlying water bulk; the regions between the sheets show where
the warm, buoyant fluid is upwelling from the bulk. At the surface, the fluid collects in the
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sheet regions as cooling occurs and subsequently plunges back down through the bulk.
Throughout the course of an experiment, these sheets slowly wander about the surface.
Figure 4.1(a) exhibits the fine scale structures that are characteristic of the clean surface
condition. Several small islands of indigenous surfactant material exist on the clean surface
in Fig. 4.1(a); it is unclear whether such contamination originates from the bulk fluid or
the air. The clean surface runs ended when the indigenous surfactant material began to
accumulate at the tank edges. The surfactant images in Figs. 4.1(b), (c), and (d) are easily
distinguished from the clean surface condition in Fig. 4.1(a). When oleyl alcohol, stearic
acid, or stearyl alcohol are present, the fine scale structures disappear and dark, slender
sheet regions emerge. Furthermore, the motion at the surface appears to become sluggish
relative to the clean surface case. A solid flake of stearyl alcohol is indicated in Fig. 4.1(d)
by the white circle; during an experiment, the locations of the flakes typically only change
by ≈1cm although the underlying water was in constant motion. This behavior was also
observed with the stearic acid monolayer, and indicates that the two films impose a rigid
hydrodynamic boundary condition at the interface. This point is discussed further later.
Hereforward, the results from all 63 surfactant runs, and all 103 clean surface runs
are presented. Each surfactant run is indicated by a line with several symbols to indicate
the surface condition; it is noted that these lines are the fits to the data as described in
Chapter 3, and the symbols are not discrete data points but just markers used to differentiate
the different conditions being plotted. The data from the clean surface runs are indicated
by single open-faced markers because a single point was obtained from each clean surface
run.
The water-side temperature data are presented in Fig. 4.2 where ∆T from Eq. (1.15)
is plotted against Tb. The surfactant data show an increase in ∆T with Tb; that is, Ts
increases less than Tb. Due to the scatter, it is difficult to conclude whether the clean
surface data exhibit a trend over this range of Tb. However, it is clear that the clean surface
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(a) (b)
(c) (d)
Figure 4.1: IR images from experiments with: (a) a clean water surface, (b) an oleyl alcohol
covered surface, (c) a stearic acid covered surface, and (d) a stearyl alcohol covered surface.
The white circle in the lower-left corner of (d) indicates the location of a solid flake of
stearyl alcohol. For all images, the temperature of the underlying water is Tb ≈ 37◦C. The
viewing area is approximately 7.6x5.7cm.
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Figure 4.2: The water-side temperature difference ∆T and bulk temperature Tb. For the
clean surface runs, the average ∆T and average Tb are given.
∆T are significantly less than for the surfactant cases.
The convective heat flux q′′c defined by Eq. (3.6) is plotted against ∆T in Fig. 4.3.
The plot shows that q′′c increases with ∆T for the surfactant cases. The clean surface data
reveals that essentially the same range of q′′c exists as the surfactant conditions, but with a
much smaller driving potential, ∆T . This is an indication that the convective transport of
heat occurs in a more efficient manner with a clean surface than it does in the presence a
surfactant film. This is explored further with Nu and Raw in Section 4.2. Again, due to the
large scatter it is difficult to ascertain a trend in q′′c versus ∆T data for the clean case.
The evaporation data for all of the experiments are presented in Fig. 4.4 where
m˙′′, computed from Eq. (3.9), is plotted against ∆ρwv. Figure 4.4 shows that at equivalent
∆ρwv, less evaporation occurs (on the order of ≈ 50%) when a stearyl alcohol surfactant
monolayer is present compared to any of the other surface cases. The oleyl alcohol and
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Figure 4.3: The convective heat flux q′′c as a function of the water-side temperature differ-
ence ∆T . For the clean surface runs, the average ∆T are given.
stearic acid surfactants show no effect on m˙′′ relative to the clean surface condition m˙′′, as
expected (see Section 1.3). The large scatter of the clean surface data is attributed to the
significant PSD Y signal noise relative to the overall change in the surface height during
the short five minute runs. It is reasonable to believe that if the clean surface could be
maintained for longer durations, then the scatter in m˙′′ would be reduced.
It is possible that currents of air flow existed in the laboratory which could cause
variability in m˙′′ for all of the data (surfactant and clean surface runs alike). Measurements
of air velocity were made around the tank and experimental facility with a TSI VelociCalc
9545 air velocity meter that was functional for U > 0.20m/s. This procedure was repeated
periodically throughout the investigation, however, no measurable air flows were detected.
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Figure 4.4: The evaporative flux of water for the different surface conditions as a function
of ∆ρwv.
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4.2 Nu − Raw Scaling
Plots of Nu·Raw versus Raw are presented in Fig. 4.5 for all surface conditions. The
ordinate displays Nu·Raw as opposed to Nu; this treatment, which has been used by Globe
& Dropkin and others [31, 47], enables the removal of the temperature dependence from
the y-axis of Fig. 4.5. The product Nu·Raw gives:
Nu · Raw = q′′c
gβD4
ναk (4.1)
which shows that Nu·Raw is independent of ∆T . With respect to the Nu−Raw relationship,
∆T behaves as the independent parameter in Raw during the course of an experiment (and
is a quantity in Nu), so it is reasonable to eliminate this from the dependent group Nu. This
approach changes the Nu − Raw power law relationship presented in Eq. (1.21) to:
Nu · Raw = BPr0.074Ra(n+1)w (4.2)
The power law exponent increases from n in Eq. (1.21) to n + 1 in Eq. (4.2). The physical
significance of Nu·Raw can still be considered as a characterization of the efficiency of
natural convection heat transfer (i.e. Nu).
The power law fits presented in Fig. 4.5 were obtained from linear fits to the loga-
rithms of Nu·Raw and Raw (i.e. the logarithm of both sides of Eq. (4.2)), according to:
log(Nu · Raw) = log(B) + 0.074log(Pr) + (n + 1)log(Raw) (4.3)
The values for B and n for each surface condition are presented in Table 4.1. It is noted that
the number of experiments conducted at the shallowest depth D (i.e. the lowest range of
Raw) was approximately four times greater than the number of experiments for any other
D; this was due to the fact that four different tank widths W were explored for D = 5cm
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Figure 4.5: Nu − Raw results for different surface conditions. The power law fits are given
by the solid lines, and the dashed lines indicate the 95% confidence intervals. The upper
line is for the clean surface data (open circles). The power laws and confidence intervals
are indistinguishable for the different surfactant monolayers, and thus only stearic acid is
shown.
as seen in Table 3.1. For this reason, the data were weighted during the linear regression
analysis so that Nu data for all four ranges of Raw were evenly represented.
The results presented in Fig. 4.5 show that Nu is significantly larger for the clean
surface case than for any of the surfactant cases; this is true over all four decades of Raw
explored here. This difference in Nu is approximately one order of magnitude, showing
that oleyl alcohol, stearic acid, and stearyl alcohol reduce the efficiency of heat transfer on
the water-side of an air/water interface during natural convection by a factor of ten. The
difference between the three surfactant conditions is surprisingly small, and in fact, the
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Table 4.1: A summary of the Nu − Raw power law scalings B and n determined from a
regression analysis of the experimental data. The 95% confidence intervals for the Nu−Raw
fits are provided, as well as the standard deviation of the data from the Nu − Raw fits σNu.
Nu = BPr0.074Ran ±CI95%
Surface Condition B n CI95% σNu
Clean 0.492 0.362 28.7% 117.9%
Oleyl alcohol 0.071 0.376 7.5% 17.7%
Stearic acid 0.090 0.361 7.8% 17.2%
Stearyl alcohol 0.110 0.356 9.4% 21.2%
Nu − Raw fits for each of the three surfactant cases appear as a single solid line in Fig. 4.5.
The distance between the dotted lines in Fig. 4.5 is equal to the 95% confidence
interval, reflecting the deviation of the data from the Nu − Raw power law fits and the
measurement uncertainties and fitting error associated with Tb and Ts. The 95% confidence
intervals were computed according to [28]:
uNu
Nu
= ±t∞,95 σNu√
N
(4.4)
where t∞,95=1.96 is the 95% t estimator from the Student’s t-distribution tabulation for a
sufficiently large number of data points (subscript ∞), σNu is the standard deviation of the
Nu data from the Nu−Raw power law fit (in percentage of Nu), and N is the number of data
points. Here, uNu/Nu is considered instead of just uNu since several decades of Nu have
been explored. Table 4.1 summarizes these confidence intervals and σNu.
Although not a goal of this research, the use of tanks having different depths and
widths enabled a determination of the effects of the aspect ratio Γ defined as:
Γ = W/D (4.5)
on free surface natural convection. A summary of Γ for the different tanks used in this
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Table 4.2: The aspect ratio Γ = W/D of the tanks used for experiments.
Depth D
5cm 10.1cm 15.2cm 35.5cm
Width W
15.2cm 3 - - -
30.4cm 6 3 2 0.86
45.6cm 9 - - -
60.8cm 12 - - -
investigation is shown in Table 4.2. Figure 4.6 presents a plot of Nu versus Γ for the three
surfactant cases for the tanks with D=5cm and 15.2cm< W <60.8cm. The average Nusselt
number Nu is plotted instead of Nu because Nu varies during an experiment even though
Γ is constant; Nu would appear as vertical lines in Fig. 4.6, and thus Nu is used to better
illustrate the trend with Γ. The clean surface data is not presented in Fig. 4.6 because the
scatter in Nu is large and precludes a trend with Γ from being observed. Figure 4.6 shows
that Nu is increasing slightly with Γ, showing a linear dependence on aspect ratio for the
range of Γ used here. This was an unexpected result which is discussed further in the
Chapter 5.
4.3 S h − Raa Scaling
Figure 4.7 presents plots of S h·Raa versus Raa for each surface condition over three
decades of Raa. Note that in Fig. 4.7, the ordinate axis is S h·Raa as opposed to S h. The
reasoning for this is similar to what was described earlier in Section 4.2 with the product
Nu·Raw; that is, the purpose of this treatment is to minimize the temperature dependence
of the dependent group S h. The independent parameter for this investigation is essentially
Ts which is related to both ∆ρ/ρ (in Raa in Eq. (1.10)) and ∆ρwv (in S h in Eq. (1.7)). The
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Figure 4.6: Average Nu vs. Γ for the surfactant runs of D = 5cm at Ra ≈ 5 × 106. A linear
fit to the data is provided to show the increasing trend of Nu with Γ, and the dashed lines
indicate the standard deviation of the data from the fit.
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Figure 4.7: The dimensionless S h − Raa results for the different surface conditions. The
power law fits and 95% confidence intervals for the clean surface, oleyl alcohol, and stearic
acid conditions are indistinguishable, and thus only the clean surface and stearyl alcohol
lines are presented.
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product of the dimensionless quantities gives the proportionality:
S h · Raa ∝ ∆ρ
∆ρwvρ
(4.6)
The ratio of densities shown in Eq. (4.6) changes by approximately 10% on account of
decreasing Ts during an experiment, compared to a roughly 60% change in ∆ρwv (and thus a
60% change in S h) if S h and Raa are not multiplied. While this treatment does not eliminate
dependence on Ts from the ordinate, it does minimize it. The physical significance of
S h·Raa can still be thought of as a dimensionless parameterization of the efficiency of
evaporative mass transfer (i.e. S h). Multiplying both sides of the original S h − Raa power
law presented in Eq. (1.13) with Raa transforms the relationship to:
S h · Raa = A · Ra(m+1)a (4.7)
Equation (4.7) shows that the exponent has changed from m in Eq. (1.13) to m+1. The S h−
Raa power law coefficient A and exponent m for each surface condition were determined
through linear regression analysis of the logarithms of both sides of Eq. (4.7):
log (S h · Raa) = log (A) + (m + 1) log (Raa) (4.8)
The slopes of the S h − Raa power law fits from 3 × 106 < Raa < 5 × 108 appear
approximately the same in Fig. 4.7 for all surface conditions. The slope is indicative of
the exponent m in the linearized S h − Raa equation given by Eq. (4.8) when presented in
logarithmic coordinates as is the case in Fig. 4.7. The exponents presented in Table 4.3 are
all very close to m = 1/3, in fact. Importantly, Fig. 4.7 shows that the stearyl alcohol surface
condition yields lower S h than any of the other cases at equivalent Raa. Furthermore, the
oleyl alcohol, stearic acid, and clean surface data exhibit essentially the same S h − Raa
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Table 4.3: A summary of the S h − Raa power law scalings A and m determined from a
regression analysis of the experimental data. The 95% confidence intervals of the S h−Raa
fits and the standard deviations σS h of the S h data from the respective S h − Raa power law
fits are also provided in terms of percentages of S h.
S h = A · Rama ±CI95%
Surface Condition A m CI95% σS h
Clean 0.144 0.336 5.9% 19%
Oleyl alcohol 0.146 0.334 6.9% 12%
Stearic acid 0.116 0.345 7.3% 13%
Stearyl alcohol 0.096 0.323 12.0% 21%
behavior. This means that, for equivalent Raa, these surface conditions yield the same
efficiency of evaporation.
The S h − Raa power law results are shown in Fig. 4.7 and summarized in Table 4.3
along with the 95% confidence intervals and the standard deviations σS h of the data from
the S h − Raa fits. The confidence intervals characterize the random error in the estimate
of the true value of the S h − Raa fits on account of scatter in the data and measurement
uncertainty associated with m˙′′, Ts, T∞, and φ. These intervals were calculated for S h in
the same manner as what is shown for Nu in Eq. (4.4) in Section 4.2). Only the S h − Raa
fits for the clean surface and stearyl alcohol data are presented in Fig. 4.7; the oleyl alcohol
and stearic acid power law fits are excluded because they are indistinguishable from that of
the clean surface.
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Chapter 5
Discussion
The main results of this dissertation research are presented in the Nu − Raw param-
eterization in Fig. (4.5) and Table 4.1, and in the S h − Raa parameterization in Fig. (4.7)
and Table 4.3 respectively; for the first time, the effects of surfactant monolayers on both
natural convection heat transfer and evaporation have been shown with dimensionless rela-
tionships.
5.1 Natural Convection Heat Transfer
The important Nu − Raw results are that: 1) the presence of each surfactant mono-
layer reduced Nu by one order of magnitude from the clean surface condition case, 2) the
difference in Nu between the surfactant cases is surprisingly small, and 3) the Nu − Raw
exponent for each surface condition is m > 1/3.
The results presented in Fig. 4.5 show that the surfactants reduce Nu by one order of
magnitude from the clean case over all four decades of Raw. The difference in Nu between
the clean surface case and the surfactant cases is statistically significant in that the 95%
confidence intervals are much smaller than this separation in Nu. This shows that when
62
Table 5.1: A summary of the heat transfer coefficient ratio H computed from Eq. (5.1) for
the different surface conditions. The mean coefficient B∗ was determined by forcing the
Nu − Raw power law exponent to n = 0.363 and re-fitting the data.
Nu = B∗ · Pr0.074Ranw
Surface Condition B∗ H
Clean 0.487 0
Oleyl alcohol 0.092 -0.81
Stearic acid 0.087 -0.82
Stearyl alcohol 0.096 -0.80
a surfactant monolayer is present at the air/water interface, the efficiency of convective
exchange is significantly reduced. To quantify this reduction in convective transport, the
heat transfer coefficient ratio H is defined:
H =
(
h − ho
ho
)
Raw,n
=
B∗ − B∗o
B∗o
(5.1)
where h is the heat transfer coefficient defined in Eq. (1.19), ho is the clean surface heat
transfer coefficient, and B∗ is the modified Nu − Raw coefficient determined by forcing the
exponent to n = 0.363 (the average exponent of all cases reported in Table 4.1) and refitting
the data for the coefficient. The purpose of n = 0.363 is to force the slopes of Nu − Raw
to be equivalent in Fig. 4.5; thus, B∗ indicates the difference in Nu between the surface
conditions. The relationship shown in Eq. (5.1) is derived by expanding and rearranging
the terms of the Nu − Raw power law in Eq. (1.21). The resulting B∗ and H are listed in
Table 5.1.
The results in Table 5.1 indicate that all of the surfactant monolayers inhibit con-
vection by essentially the same amount; the heat transfer coefficient is shown to be reduced
by roughly 80% in all cases compared to the clean case. This point is shown in a different
way in Fig. 4.3 where the clean surface condition transports roughly the same q′′c as the
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surfactant conditions, but with a smaller ∆T .
The second main Nu − Raw result relates to the above discussion in that all three
surfactant monolayers inhibit convective transport by essentially the same amount. The
Nu − Raw power law fits for the surfactants are indistinguishable in Fig. 4.5, and further-
more, all three surfactants decrease the h by about 80% (Table 5.1); this result is surprising
because the compressibilities of the three surfactants vary by as much as a factor of 27 (Ta-
ble 3.2), yet Nu is affected equally by each monolayer. According to the generalization of
Davies [23] introduced in Section 1.3, stearic acid and stearyl alcohol behave as relatively
incompressible films and oleyl alcohol behaves in an elastic manner at the surface when
acted upon by shear. That all three monolayers have an equivalent effect on Nu indicates
that a significant inhibition of convection will occur when the interface yields even a finite
amount of shear. This agrees with the computational findings of Shen et al. [91] who found
that deviation from a clean surface condition on account of even slight contamination by
surfactants will reduce the transport of turbulent kinetic energy. Shen et al. [91] explored
the surfactant boundary condition with the Marangoni number, Ma:
Ma =
a
σ
∂σ
∂a
=
1
πC
(5.2)
where σ is the surface tension in Eq. (1.22) and C is the compressibility defined in Eq. (3.2).
For the surface conditions investigated here, the respective Ma are shown in Table 5.2. Shen
et al. [91] found that as Ma increased, the velocity fluctuations at the air/water interface
decreased gradually; the effects of surfactants were significant, however, in that the surface
divergence decreased sharply as Ma increased above Ma ∼ 10−3. Table 5.2 shows that all
surfactant monolayers from this dissertation work give Ma that are orders of magnitude
greater than the apparent critical value Ma ∼ 10−3. This can explain why the surfactants
have shown a significant and seemingly equal effect on Nu − Raw although C are different.
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Table 5.2: A summary of Ma defined in Eq. (5.2) for the different surface conditions.
The surface pressures and compressibilities are also provided again for convenience. The
surface tension is computed from Eq. (1.22) using σo = 72dynes/cm.
Surface Condition πesp (dynes/cm) C (m/mN) Ma
Clean 0 ∞ 0
Oleyl alcohol 29 0.019 1.2
Stearic acid 3 0.0085 1.7
Stearyl alcohol 45 0.0007 52
The IR imagery in Fig. 4.1 is visual evidence that the surfactants provide similar
damping effects at the surface. As introduced in Section 4.1, the sheet-like surface struc-
tures in the IR images are indicative of the convective motion in the water. When the surface
is clean, as is the case in Fig. 4.1(a), many fine scale structures exist and the surface motion
is relatively vigorous (this is readily observed with IR video). The addition of a surfactant
monolayer inhibits this motion and the fine scale structures disappear in Fig. 4.1(b), (c),
and (d); large cellular structures are formed by the sheets, and movement at the surface is
sluggish. Visual comparison of IR video of the rapid, turbulent nature of a clean surface
condition with the sluggish nature of the surfactant conditions supports this idea, and would
explain why all three surfactants inhibit convection to approximately the same degree.
Stearic acid and stearyl alcohol have been observed to impart an essentially rigid
hydrodynamic boundary condition at the surface. Figure 5.1 shows a 100 second time-
averaged IR image of a stearyl alcohol experiment. The time-averaged surface temperature
field appears relatively flat in intensity except for several dark, crack-like structures which
indicates that the surfactant film does not noticeably deform in 100 seconds even though
the underlying water is in constant convective motion. The sheets in the instantaneous IR
surfactant images in Fig. 4.1(b), (c), and (d) are absent from Fig. 5.1 because the motion
has been effectively blurred or time-averaged (i.e. the time scale for convection is much
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Figure 5.1: Average of 300 images over a period of 100 seconds during a stearyl alcohol
run (Ts ≈35◦C here). The dark slender regions are approximately 1◦C cooler than the
average field temperature, and indicate the location of imperfections in the stearyl alcohol
monolayer. The image area is 7.6cm×5.7cm with a spatial resolution of 42pixels/cm.
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less than 100 seconds). Stearic acid is also observed to behave in a rigid manner at the
surface; this demonstrates that stearic acid and stearyl alcohol impart (essentially) a no-
slip boundary. The degree to which oleyl alcohol deforms at the surface is not readily
observed because the film does not exhibit spatial reference points (i.e. film cracks or
imperfections) to track through time. The rate at which the oleyl alcohol film deforms at
the surface thus remains unknown. What is apparent, however, is that the motion of the
water near the surface is significantly slower when a surfactant monolayer is present. To
quantify this damping effect, IR videos of the different surface conditions were analyzed
and the movement of the sheet structures (in the surface plane) was tracked throughout time.
Surfaces which were clean typically exhibited near-surface velocities of about 0.5cm/s;
when oleyl alcohol was present the surface motion of the sheet structures slowed noticeably
to less than 0.1cm/s, and to essentially 0cm/s for stearic acid and stearyl alcohol. The
characteristic vertical velocity of the convecting water Uw can be estimated by balancing
the kinetic energy with the buoyant energy of a fluid parcel:
1
2
ρU2w = gβρ∆T D (5.3)
which, for the conditions here, yields Uw ∼ 100cm/s. In other words, Uw is the velocity of
the water as it traverses D due to the buoyancy caused by ∆T . As the water approaches the
surface, the vertical velocity approaches zero and the motion occurs in the surface plane.
The change in near-surface velocity (∼0.4cm/s) on account of a surfactant monolayer is
significant relative to Uw, which helps to explain why surfactants reduce Nu relative to the
clean case at fixed Raw.
The third main result from the Nu − Raw parameterization is that the exponents
are all greater than n = 1/3; this one-third result is a common finding in natural convection
studies. The larger exponents found in this study indicate that the rate at which Nu increases
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Figure 5.2: Unsteady free surface convection bounded at the lower surface by an insulated
wall, and (right) steady, Rayleigh-Be´nard convection between two isothermal plates with
constant heat flux q′′c . The temperature difference ∆T for the free surface condition is equal
to one-half of the Rayleigh-Be´nard ∆T , or (Ts − Tb) = (1/2)(Th − Tc).
with Raw is greater under a free surface condition compared to Rayleigh-Be´nard convection
between solid walls. The Nu − Raw power law results from other studies are shown in
Table 5.3, and the majority of these works are of the Rayleigh-Be´nard type; an adjustment
discussed by Katsaros et al. [47] and Prasad [76] has been applied to the Rayleigh-Be´nard
results in order to make a more appropriate comparison between the Rayleigh-Be´nard and
free surface Nu−Raw results. Specifically, the Nu−Raw coefficients B are different because
in the traditional Rayleigh-Be´nard experiment, there are heat fluxes across both the upper
and lower plate surfaces (viz. Fig. 5.2) which causes two boundary layers to develop. By
contrast, the free surface experiments here were sufficiently insulated at the bottom wall and
thus the prevailing heat transfer occurred only across the free surface as shown in Fig. 5.2.
Katsaros et al. [47] and Prasad [76] show that ∆T for the Rayleigh-Be´nard case is exactly
twice the ∆T for a free surface case (i.e. ∆T RB=2∆T ). This transforms the Rayleigh-Be´nard
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Nu − Raw coefficient BRB to a coefficient comparable to a free surface coefficient B:
B = BRB2(1+n) (5.4)
The Nu − Raw results from this study are compared with earlier studies in Fig. 5.3
and Table 5.3. For all studies of the Rayleigh-Be´nard type, the coefficients have been
adjusted according to Eq. (5.4). In Fig. 5.3 the ordinate (Nu) has been normalized by Ra1/3w .
It can be shown from Eq. (1.21) that this treatment equates to:
Nu
Ra1/3w
= B · Pr0.074Ra(n−1/3)w (5.5)
Thus if n = 1/3, then Nu · Ra−1/3w = B · Pr0.074 exactly for all Raw and the data will appear
as a horizontal line in Fig. 5.3. This method helps to indicate deviation from n = 1/3 and
also distinguishes the differences in B. Because many of the exponents presented are close
to n = 1/3, the main difference between the various studies is B, or the location of the data
on the y-axis of Fig. 5.3.
It is suggested that the “clean surface” Nu − Raw results of Katsaros et al. [47] and
Navon & Fenn [67] are instead representative of convection beneath a surfactant-laden free
surface. In Fig. 5.3 there is a large difference between the present clean surface results and
those of Katsaros et al. [47] and Navon & Fenn [67]. It is clear from current investigation
that the presence of a monolayer will add significant resistance to the convective motion
of a fluid and thereby decrease Nu. The fact that the Nu − Raw results from Katsaros et
al. [47] and Navon & Fenn [67] are very close to all of the current surfactant results in
Fig. 5.3 casts doubt on whether or not these authors were able to achieve a clean surface
condition. From experience, it is difficult to maintain a clean surface for more than five to
ten minutes even when the tank and facility are thoroughly cleaned before experiments. It is
possible that the interface was initially clean for the experiments of Katsaros et al. [47] and
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Figure 5.3: A comparison of Nu − Raw results. The results of the current study are given
by the bold solid lines and the same symbols as in Fig. 4.5 to indicate surface condition.
The earlier studies are given by the dotted lines and are distinguished by the solid-faced
symbols: (◮) Navon & Fenn [67], (H) Federico & Foraboschi [27], (◭) Katsaros et al. [47],
() Niemela et al. [72], () Malkus [63], (⋆) Chu & Goldstein [20], () Globe & Dropkin
[31]. The coefficients of the Rayleigh-Be´nard type studies have been converted to the free
surface type with Eq. (5.4).
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Table 5.3: A summary of the Nu−Raw power law scalings B and m from different studies of
convection beneath an air/water interface. All studies shown here were either conducted in
water, or Pr dependence in Eq. (1.21) has been evaluated for water such that B = B ·Pr0.074
where Pr = 4.3. The coefficient B in the study of Navon & Fenn [67] has been estimated
based on the data presented in their figure. The Rayleigh-Be´nard studies have been trans-
formed according to Katsaros et al. [47] with Eq. (5.4) for free surface comparison, and are
indicated by the superscript †.
Nu = B · Ranw
Study Condition B n Raw range
Current
Clean 0.548 0.362 1 × 106 < Raw < 1 × 109
Oleyl 0.079 0.376 2 × 106 < Raw < 3 × 109
Stearic 0.100 0.361 2 × 106 < Raw < 3 × 109
Stearyl 0.122 0.356 2 × 106 < Raw < 3 × 109
Navon & Fenn [67] Clean 0.052 1/3 1 × 104 < Raw < 2 × 105
Katsaros et al. [47] Clean 0.156 1/3 4 × 108 < Raw < 4 × 109
Federico & Foraboschi [27] Free 0.092 1/3 2 × 104 < Raw < 1 × 107
Globe & Dropkin [31] R-B 0.077 1/3 1 × 10
5 < Raw < 6 × 108
Free† 0.186 1/3 1 × 105 < Raw < 6 × 108
Chu & Goldstein [20] R-B 0.183 0.278 2 × 10
5 < Raw < 1 × 108
Free† 0.444 0.278 2 × 105 < Raw < 1 × 108
Malkus [63] R-B 0.083 0.325 5 × 10
5 < Raw < 1 × 108
Free† 0.208 0.325 5 × 105 < Raw < 1 × 108
Niemela et al. [72] R-B 0.124 0.309 1 × 10
6 < Raw < 1 × 1017
Free† 0.307 0.309 1 × 106 < Raw < 1 × 1017
Navon & Fenn [67], but eventually surfactant material amassed and rendered the surface
contaminated. In the present work, the surface conditions were verified in situ with an IR
camera (viz Fig. 4.1), and the clean surface was always present; this experimental technique
is a strength of this dissertation research.
Discussion is owed to the difference between the thermal conditions at the up-
per boundary in the current study and the Rayleigh-Be´nard studies due to Chu & Gold-
stein [20], Globe & Dropkin [31], Malkus [63] and Niemela et al. [72]. In a Rayleigh-
Be´nard study, the upper and lower boundaries are typically thick, temperature regulated
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plates with good thermal conductivity and a large thermal capacity. As plumes of warm
and cool fluid contact these boundaries, the plates develop local warm and cool regions
which tend to be homogenized by the lateral exchange of heat within the plates. In this
manner, the plates deviate only slightly from the ideal isothermal condition during exper-
iments. Constant heat flux boundary conditions can be obtained by bonding a constant
resistance heater to the surface of an insulating material. Several researchers have investi-
gated the problem of convection between plates of constant temperature and constant heat
flux boundary conditions [19, 98]. Chilla` et al. [19] discuss that unstable plate tempera-
tures can interfere with heat transport in the fluid. Verzicco & Sreenivasan [98] examine
the flow dynamics of isothermal and constant heat flux boundary conditions, and discuss
that temperature fluctuations in the heated lower plate can cause rising plumes to be cooler
and consequently transport less heat than the isothermal case. Verzicco & Sreenivasan [98]
argue that typical Rayleigh-Be´nard experimental conditions for the lower heated plate are
closer to the constant heat flux case than the isothermal boundary condition.
In these free surface experiments, heat traverses the bulk via convection and is
dumped at the air/water interface where the surface cools primarily from evaporation and
convective transfer to the cooler ambient surroundings; the water vapor and sensible heat
is quickly advected away from the surface and is dissipated in the ambient. In contrast to
a Rayleigh-Be´nard experiment, there is very little tendency for the temperature to homog-
enize at the free surface since there is no highly conductive solid plate to diffuse energy
laterally and flatten temperature gradients. It is posited that the thermal condition at the
free surface is responsible for the larger exponent compared to the Rayleigh-Be´nard stud-
ies which tend more towards having isothermal boundaries. It may be the case that surface
temperature inhomogeneity at the air/water interface is permitting the formation of small,
localized plumes of air above the warm surface regions which entrain heat from surround-
ing areas. This air-side behavior due to surface temperature gradients may be increasing
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the overall efficiency of global water-side convective transport.
An unexpected result of this research is the dependence of Nu on Γ as shown in
Fig. 4.6. In the design stage of these experiments, Nu was expected to be independent of Γ
due to the work of Deardorff & Willis [24], and thus the tanks were constructed for a range
of Γ (viz Table 4.2). Deardorff & Willis [24] conducted Rayleigh-Be´nard experiments and
showed for several Ra and a range of 0.1< Γ <20 that Nu was unaffected by Γ so long as
Γ > 2. Because six of the seven tanks in this dissertation research met this criterion, it was
believed that Nu would be generally unaffected by the different geometries. In contrast,
Fig. 4.6 shows that Nu continually increases up to Γ = 12 for the four tanks which yield
Ra ≈ 5×106. This may be due to the fact that the free surface boundary in this investigation
was not temperature-controlled as were the Rayleigh-Be´nard experiments of Deardorff &
Willis [24] (thus the cool upper plate was Tc across its extent W). For the free surface case
here, the intensity of the air-side flow increased with W according to Raa in Eq. (1.10).
Shear at the surface from the movement of the air could have enhanced mixing near the
surface and consequently increased q′′c and Nu; this could explain the increase of Nu with
Γ seen in Fig. 4.6.
5.2 Evaporation
The main results from the S h − Raa parameterization are that: 1) the clean surface,
oleyl alcohol, and stearic acid conditions yield practically the same S h over three decades
of Raa, but stearyl alcohol reduces S h significantly, and 2) the S h − Raa exponents of all
surface conditions are remarkably close to m = 1/3.
Figure (4.7) shows there is a significant difference between the stearyl alcohol S h
and the other surface conditions; the degree to which S h varies between stearyl alcohol and
the other conditions is less than one order of magnitude, yet the difference is statistically
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significant as indicated by the 95% confidence intervals. This indicates that stearyl alcohol
decreases the efficiency of evaporation compared to the clean surface (for a given Raa), and
that oleyl alcohol and stearic acid monolayers do not. The effect of the surfactants on hm
defined in Eq. (1.8) can be quantified, in part, with the mass transfer coefficient ratio Hm:
Hm =
(
hm − hm,o
hm,o
)
Raa,m
=
A∗ − A∗o
A∗o
(5.6)
where hm,o is the clean surface condition mass transfer coefficient, and A∗ is the modified
S h−Raa coefficient. For each surface condition, A∗ was determined by forcing the S h−Raa
exponent to m = 0.334 which is the average exponent of those shown in Table 5.4. The
resulting A∗ and Hm are shown in Table 5.4 for all of the surface conditions. The stearyl
alcohol monolayer is the only surface condition which significantly reduces hm from that
of the clean case. In fact, stearyl alcohol provides nearly a 50% reduction while neither
oleyl alcohol nor stearic significantly affect hm. This point is shown in a different way in
Fig. 4.4 where, for a given value of ∆ρwv, stearyl alcohol reduces m˙′′ by approximately
50% compared to all other surface conditions. This is a contrasting behavior to the heat
transfer coefficient ratio results H in Table 5.1 where it was shown that all of the surfactant
monolayers decrease the efficiency of convective heat transfer by about 80%.
In Section 5.1, the ability of the surfactant monolayers to reduce Nu was attributed
to the shear-yielding hydrodynamic boundary conditions imparted by the films. It is inter-
esting that all three surfactants yield essentially the same Nu − Raw power law and inhibit
convection to the same degree relative to the clean case, yet stearyl alcohol is the only sur-
factant shown to have a measurable effect on the S h − Raa relationship (i.e. oleyl alcohol
and stearic acid share the same S h − Raa result with the clean surface). The boundary con-
dition effects (which explain the reduction in Nu) do not explain Hm in Table 5.4; stearic
acid and stearyl alcohol both behave as relatively incompressible films and impart no-slip
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Table 5.4: A summary of the mass transfer coefficient ratio Hm computed from Eq. (5.6)
for the different surface conditions. The mean coefficient A∗ is determined for S h − Raa
by refitting the data with the exponent forced to the average m=0.334. The subscript L∗
indicates that the length scale was defined as the ratio of the surface area to the perimeter.
S h = A∗ · Rama
Surface Condition A∗ Hm
Clean 0.150 0
Oleyl alcohol 0.145 -0.03
Stearic acid 0.140 -0.06
Stearyl alcohol 0.078 -0.48
boundary conditions, for example, yet only stearyl alcohol significantly affects hm. This
suggests that the reduced efficiency of evaporation is not directly linked to the change in
the hydrodynamic boundary condition at the air/water interface. Rather, the reduction in
hm and S h by stearyl alcohol in Table 5.4 and Fig. 4.7 is due to the physicochemical ability
of the monolayer to prevent the passage of water vapor through the film [5, 22, 55, 58, 89].
To better understand why the change in the hydrodynamic boundary condition due
to the presence of a surfactant does not measurably effect S h, the characteristic natural
convection velocity of the air above the surface Ua is considered. A schematic of the air,
water, and surface velocities is given in Fig. 5.4 to help with this discussion. The kinetic
and buoyant energies are balanced to obtain Ua:
1
2
ρU2a = g∆ρW (5.7)
which gives:
Ua =
√
2g
∆ρ
ρ
W (5.8)
For the experimental conditions explored here, Ua ∼ 101cm/s. It was shown earlier in
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Figure 5.4: The characteristic water and air velocities computed from Eq. (5.3) and
Eq. (5.8), respectively. The clean and surfactant surface velocities were approximated from
processing IR imagery.
Section 5.1 that the clean surface exhibits velocities of about 0.5cm/s, and is reduced to
less than 0.1cm/s when a surfactant is present (essentially 0cm/s for stearic acid and stearyl
alcohol). The difference between the clean and surfactant surface velocities was significant
compared to the slower-moving water (Uw ∼ 100cm/s by Eq. (5.3)), but because the air
is moving across the surface at a relatively quick rate, the surface velocities are negligible
regardless of the surface condition. That is, the hydrodynamic condition at the air/water
interface can be approximated as rigid relative to the air flow regardless of whether or not
the surface is clean. This analysis of the velocities helps to explain why the hydrodynamic
conditions affect Nu and not S h. The reduction of S h by stearyl alcohol is due to the
unique ability of the film to act as a physicochemical barrier to the passage of water vapor
molecules.
The S h − Raa results from this study are compared with earlier works in Table 5.5.
The tabulated S h − Raa power laws are also shown in Fig. 5.5 where the ordinate has
been normalized by Raa1/3. As discussed earlier when introducing Fig. 5.3 with the Nu −
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Raw results, normalizing the data in this way better illustrates the differences between the
coefficients A and exponents m from the various studies. When it is the case that m = 1/3
exactly, the power law will appear as a horizontal line in Fig. 5.5. The results of Sparrow et
al. [94] and Goldstein et al. [32] are omitted from Fig. 5.5 since the ranges of Ra are very
dissimilar from the current results.
With respect to works of Sharpley & Boelter [90] and Boelter et al. [8] who studied
the evaporation of water, the S h − Raa results appear very different in Fig. 5.5 from the
current results. Most notably, the exponents m are significantly less than 1/3; the reason
for this is likely due to the experimental facility that was used in both of the previous works.
As mentioned in Section 1.1, Sharpley & Boelter [90] and Boelter et al. [8] used a quiet
air apparatus which encompassed the evaporating water tank. Though this was large in
size (5’x5’x7’), the natural flow of air was probably restricted by the facility. Furthermore,
Sharpley & Boelter [90] and Boelter et al. [8] state that baffles were implemented into
the chamber which reduced the evaporation rate; this indicates that the flow of air was
indeed restricted which is likely to have caused the exponents of Sharpley & Boelter [90]
and Boelter et al. [8] to be low. For the present study, the experiments were conducted in a
large open laboratory and the natural flow of air was not blocked by large obstructions. The
S h − Raa power law result that comes the closest to what has been found in this research
is that of Lloyd & Moran [61] for the turbulent regime of 8 × 106 < Ra < 1.6 × 109. This
is perhaps surprising since Lloyd & Moran [61] investigated the transport of copper ions in
liquid sulfuric acid with S c = 2200.
The S h−Raa exponents for the current study are all remarkably close to m = 1/3. In
fact, the average value of the exponents for all four surface conditions is m = 0.334 which
agrees within eleven-thousandths of all the experimentally determined m in Table 5.5. This
signifies that the rate at which S h increases with Raa is the same for all of the different
surface conditions. The exponent m = 1/3 has particular physical significance to the S h −
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Figure 5.5: A comparison of S h−Raa results. The results of the current study are given by
the bold solid lines and are noted in the figure. The earlier studies are given by the dotted
lines and are distinguished by the symbols: () Lloyd & Moran [61], () Boelter et al. [8],
and (⋆) Sharpley & Boelter [90]. The results of Sparrow et al. [94] are omitted since the
range of Ra was negative, and the results of Goldstein et al. [32] are also excluded due to
the low range of Ra.
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Table 5.5: Comparison of S h − Ra power law coefficients and exponents from earlier stud-
ies. Lloyd & Moran [61], Sparrow et al. [94], and Goldstein et al. [32] defined Ra according
to Eq. (1.14), and the results of Sharpley & Boelter [90] and Boelter et al. [8] have been
recomputed from published experimental data to conform to Eq. (1.10).
S h = A · Ram
Parameterization Type/Condition A m S c Ra Range
Current Study
Clean Surface 0.144 0.336 0.57
4 × 106 < Raa < 6 × 108Oleyl Alcohol 0.146 0.334 0.57Stearic Acid 0.116 0.345 0.57
Stearyl Alcohol 0.096 0.323 0.57
Sharpley & Boelter [90] Water in air 0.891 0.213 0.57 1 × 106 < Raa < 4.5 × 107
Boelter et al. [8] Water in air 0.054 0.241 0.57 9.3 × 106 < Raa < 4.6 × 108
Sparrow et al. [94] Water in air 0.644 0.205 0.57 −6 × 105 < RaL < −2 × 104
Goldstein et al. [32] Napthalene in air 0.590 0.250 2.5 2 × 102 < RaL∗ < 5 × 103
Lloyd & Moran [61] Cu2+ in acid 0.169 0.327 2200 8 × 106 < RaL∗ < 1.6 × 109
Lloyd & Moran [61] Cu2+ in acid 0.50 0.255 2200 2 × 104 < RaL∗ < 8 × 106
Raa power law parameterization. When m = 1/3 exactly, the S h − Raa relationship in
Eq. (1.13) is reduced to:
hm = AD
(
g∆ρ
ρνα
)(1/3)
(5.9)
which shows that the mass transfer coefficient is independent of the length scale W. In
other words, hm does not depend on the extent of the evaporating surface when m = 1/3.
This is the first time that the S h − Raa exponent has been shown to be so close to the one-
third value with the exception to the study of Lloyd & Moran [61] as mentioned earlier.
Table 5.5 shows that many of the exponents are closer to either m = 1/5 or m = 1/4. The
fact that all of the surface conditions investigated here reveal S h − Raa exponents which
are close to m = 1/3 is important with respect to Eq. (5.9), and this dissertation research is
the first instance for which this has been shown specifically for the evaporation of water.
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Furthermore, this m = 1/3 result is important with respect to the heat-mass transport
analogy. A well-studied heat transfer problem is the fluid flow above a heated flat plate; the
fluid is drawn inwards and gathers heat as it traverses the flat plate. Consequently, the fluid
becomes increasingly buoyant, and rises vertically in a plume structure above the center of
the plate. This heat transport scenario is described by the Nu − Ra correlation [41]:
Nu ∝ Ra(1/3) (5.10)
In this dissertation research, the water vapor from the surface is entrained by the flow of
air above the heated water surface, and in this way, the flow scenarios are similar. For
the Nu − Ra study of a flow above a heated flat plate, the quantity being transported is
heat, and the Ra exponent is 1/3; for this experimental study of natural convection-driven
evaporation, the quantity being transported is water vapor, and the Ra exponent is also 1/3.
Thus, the efficiencies of heat and mass transfer are shown to increase with Ra1/3, which
shows that the both transport problems are driven by the same physical process. This result
makes sense when considering the magnitude of the air and surface velocities discussed
earlier; namely, the surface velocities are effectively zero compared to the air velocity, and
the air/water interface behaves as a solid plate.
An assumption is considered here which was originally invoked in defining ∆ρwv
with Eq. (1.9) in Section 3.5. Specifically, the density of water vapor at the immediate
surface was regarded as being saturated ρsatwv (Ts) at the surface temperature Ts. A new
quantity is defined here, φ∗, to be the effective relative humidity which allows for the surface
to be less than saturated. Using φ∗, ∆ρwv in Eq. (1.9) can be modified as:
∆ρ∗wv = φ
∗ρsatwv (Ts) − φρsatwv (T∞) (5.11)
which is computed in the same way as ∆ρwv in Eq. (1.9) but with addition of φ∗. If a
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Table 5.6: A summary of φ∗ from Eq. (5.11) for the different surface conditions which
allow the data to collapse with the clean surface S h − Raa scaling law.
S h∗ = A · Rama using φ∗ in Eq. (5.11)
Surface Condition φ∗ A m
Clean 1.00 0.144 0.336
Oleyl alcohol 0.96 0.151 0.334
Stearic acid 0.95 0.125 0.344
Stearyl alcohol 0.61 0.268 0.301
surfactant monolayer is physically impeding the passage of water vapor molecules across
the interface then it is reasonable to consider that the density of water vapor at the surface
could deviate from the saturation value ρsatwv (Ts). This statement is conditional upon the
convective state above the air/water interface; φ∗< 1.00 only if sufficient convection exists
to remove the water vapor from the surface at a rate which exceeds the passage of water
vapor through the monolayer film. In this scenario, the water vapor could be depleted from
the saturation condition. The modified definition of ∆ρwv is used to redefine S h as:
S h∗ = m˙”W
∆ρ∗wvD
(5.12)
To test this proposed treatment to ∆ρ∗wv, the dimensionless S h − Raa data were reprocessed
using S h∗. The clean surface condition was regarded as having a saturated surface, φ∗=
1.00, and the surfactant cases were iteratively processed with 0.01<φ∗<1.00 to compute
S h∗ until the dimensionless data were optimized to agree with the clean surface S h. The
values of φ∗ which successfully collapsed the dimensionless S h∗ − Raa data with the clean
surface condition results are tabulated in Table 5.6 and are shown in Fig. 5.6.
The results in Table 5.6 show that values of φ∗= 0.96 and φ∗= 0.95 collapse the
S h∗−Raa data of oleyl alcohol and stearic acid, respectively with the clean surface S h−Raa
power law. That these values deviate slightly from saturation (i.e. φ∗= 1.00) may be phys-
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Figure 5.6: The surfactant data are shown after being processed to find optimal φ∗: oleyl
alcohol φ∗=0.96, stearic acid φ∗=0.95, and stearyl alcohol φ∗=0.61. The solid and dotted
lines represent the power law and 95% confidence interval for the clean surface condition
data.
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ically significant, but it is likely due to scatter in the data. It is likely that the surfaces
remain essentially saturated when either oleyl alcohol and stearic acid are present. Stearyl
alcohol, however, was computed to have an effective relative humidity of φ∗= 0.61, a statis-
tically significant result. It is seen in Fig. 5.6 that φ∗ effectively collapses the dimensionless
data into one single relationship. At equivalent Ra, water vapor is transported away from
the clean surface just as efficiently as water vapor is transported away from a stearyl alco-
hol surface when φ∗= 0.61. This is the first time that the concept of an effective relative
humidity φ∗ has been used to describe the transport of water vapor through a surfactant
monolayer. Figure 5.6 indicates that the bottleneck in the process of evaporation is the
rate at which water vapor is able to pass through the monolayer, and not necessarily the
rate at which the vapor is subsequently removed by convection. It remains a possibility,
however, that if convection is not removing the vapor from the surface at a sufficient rate
(which might be the case for very low Raa for example) then the density of water vapor at
the surfactant-covered interface could tend back towards saturation.
5.3 Adding a Surfactant to a Clean Surface
Discussing the Nu−Raw and S h−Raa results helps to reveal the physical processes
of natural convection heat transfer and evaporation, but the dimensionless results are per-
haps slightly misleading when considering the changes that would occur if a surfactant
were to be added to a clean surface. For example, it has been found that oleyl alcohol and
stearic acid surface conditions yield essentially the same S h − Raa power law relationship
as the clean case, and stearyl alcohol is the only surfactant which causes a decrease in S h.
One might misinterpret these findings and assume that stearyl alcohol is the only surfactant
which would change m˙′′ if the film were to be added to a clean surface; this, in fact, is
incorrect, and motivates the following discussion.
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This analysis is presented to demonstrate how the surfactant monolayers affect
evaporative convection from a heated water body system. The goal is to determine how Ts,
q′′c , and m˙′′ change when the surfactants are added to a clean surface, and is accomplished,
in part, with the Nu − Raw and S h − Raa results presented earlier in Chapter 4. Here, we
consider a hypothetical case where the following conditions are prescribed: Tb= 39◦C,
T∞= 24◦C, φ= 45%, and the characteristic fluid body dimensions are W = 30.4cm and
D = 5cm. These conditions are typical of the experiments performed in this dissertation
research, and this analysis would be valid for other conditions provided that the ranges of
Raw and Raa investigated in this research are maintained. This hypothetical experiment is
conducted for all surface conditions as follows:
1. Using the prescribed Tb, the water-side temperature difference results in Fig. 4.2 are
used to approximate ∆T from which Ts is determined for each surface condition.
2. With the Tb, T∞, and Ts known, Raw and Raa are computed from Eq. (1.20) and
Eq. (1.10), respectively.
3. The dimensionless Rayleigh numbers are used to compute the corresponding Nu and
S h from the experimentally determined power law results in Table 4.1 and Table 4.3.
4. The convective heat flux q′′c and the net evaporative flux of water m˙′′ are subsequently
computed from Nu and S h using Eq. (1.18) and Eq. (1.7), respectively.
5. The quantities mentioned above, both dimensional and nondimensional, are com-
pared with the clean surface condition in Table 5.7 and Table 5.8 to demonstrate the
physical effects of adding the monolayers to a heated water body with a clean surface.
First, it is important to realize that by adding any of the surfactant monolayers to
a clean surface, the surface temperature Ts will decrease (and ∆T will thus increase) as
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Table 5.7: Hypothetical experiment showing the effects of the surfactant monolayers on
q′′c and m˙′′ relative to the clean surface condition. For this demonstration, Tb= 39◦C, T∞=
24◦C, φ= 45%, D=5cm, and W=30.4cm.
Nu = BPr0.074Ranw
Surface Condition Tb (◦C) ∆T (◦C) Ts (◦C) Raw Nu q′′c (W/m2)
Clean 39 0.5 38.5 2.3 × 106 119 740
Oleyl alcohol 39 1.4 37.6 6.5 × 106 33 572
Stearic acid 39 1.4 37.6 6.5 × 106 32 571
Stearyl alcohol 39 0.8 38.2 3.7 × 106 31 314
Table 5.8: Hypothetical experiment showing the effects of the surfactant monolayers on
m˙′′ relative to the clean surface condition. For this demonstration, Tb= 39◦C, T∞= 24◦C,
φ= 45%, D=5cm, and W=30.4cm.
S h = A · Rama
Surface Condition Tb (◦C) ∆T (◦C) Ts (◦C) Raa S h m˙′′ (mg/m2s)
Clean 39 0.5 38.5 5.2 × 107 56 193
Oleyl alcohol 39 1.4 37.6 4.9 × 107 53 172
Stearic acid 39 1.4 37.6 4.9 × 107 52 167
Stearyl alcohol 39 0.8 38.2 5.1 × 107 29 99
the film inhibits the convective motion of the water near the subsurface; because the water
remains at the surface longer in the presence of a surfactant, more heat is removed by
evaporative cooling. Table 5.7 shows that oleyl alcohol and stearic acid both cause Raw
to increase from the clean case by as much as a factor of 2.8 on account of the increase
in ∆T . As discussed earlier with Eq. (5.1), all of the surfactant monolayers studied here
demonstrate the ability to reduce the efficiency of heat transfer by approximately 80%. The
quantity of heat q′′c that is transported in Table 5.7 after adding the surfactant monolayers
is thus significantly less than the clean surface condition. Oleyl alcohol and stearic acid
both reduce q′′c by roughly 22%, and stearic acid yields nearly 60% less q′′c than the clean
case. An immediate application to this assessment is the abatement of heat from thermal
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reservoirs at power generation facilities; if the goal is to maximize the amount of heat that
is dissipated from the reservoir, then the surface should be kept free of surfactant material.
In practice, this could be a very difficult task, but a mechanized buoy or surface skimming
craft could be designed and employed, for example, to constantly monitor and remove
indigenous surface films to maximize q′′c .
Secondly, it is very important to see that all of the surfactants have reduced m˙′′
compared to the clean case at equivalent Tb. Indeed, the effect of oleyl alcohol and stearic
acid on m˙′′ is small and can be attributed simply to the lowering of Ts that occurs after the
monolayers are added. The fact that oleyl alcohol, stearic acid, and the clean surface condi-
tions all share essentially the same S h−Raa power law can be understood as follows: only
at equivalent Raa will these cases exhibit the same evaporation rates, and when a surfactant
is added to a clean surface there is a reduction in Ts. This causes Raa and subsequently m˙′′
to decrease slightly. In contrast to oleyl alcohol and stearic acid, stearyl alcohol inhibits
evaporation by approximately 50% in Table 5.8 which is a result of the stearyl alcohol film
preventing the passage of water vapor across the interface. This result with stearyl alco-
hol is of practical importance to the conservation of fresh water storages. As many field
researchers have already noted, however, environmental factors such as strong wind and
surface waves make coherent films of stearyl alcohol very difficult to maintain for extended
durations on large storages. It seems that once a solid film of stearyl alcohol is disrupted
and broken up at the surface, it does not readily spread and re-form into a coherent film;
thus the monolayer no longer possesses the same ability to inhibit evaporation.
5.4 Operational Estimates of q′′c and m˙′′
This research is motivated by the need to predict or estimate the evaporation and
convective heat transfer from heated bodies of water. As introduced in the conclusion
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Figure 5.7: The energy fluxes from a heated impoundment (i.e. Tb>T∞) described by
Eq. (5.13), and the measurements Tb, T∞, φ, W and D that are necessary to approximate
the transport quantities.
of Section 1.3, an improvement in the ability to predict such transport rates requires a
better understanding of natural convection in the water, evaporation to the air, and the effect
of surfactant monolayers on both processes. This dissertation research has contributed
improved equations for q′′c and m˙′′ under natural convection conditions with the Nu − Raw
and S h − Raa results.
A schematic of a heated water body and its energy fluxes is shown in Fig. 5.7;
natural convection in the water provides energy to the surface, q′′c , which is subsequently
released into the surrounding environment by evaporation, natural convection heat transfer
in the air, and radiative heat transfer. A complete description of the energy transport to and
from the interface is given by the steady energy balance:
q′′c = q
′′
c,air + q
′′
e + qr (5.13)
where q′′c,air is the air-side convective flux, and q′′e and q′′r are the evaporative and radia-
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tive fluxes, respectively. For most applications, measurements of Tb, T∞, and φ are easily
obtained, as well as the relevant dimensions of the water body W and D. The ability to
explicitly determine the fluxes in Eq. (5.13) requires Ts, which is difficult to measure with-
out a sophisticated method; although Ts is unknown at the outset, the flux components in
Eq. (5.13) can be solved iteratively until the energy balance is satisfied. This methodology
avoids the need to measure Ts, but requires an accurate physical model for each of the en-
ergy fluxes. The solution strategy for determining each of these fluxes, and subsequently
m˙′′, is presented here.
The Nu − Raw parameterization from this research is used to obtain the convective
transport in the water:
q′′c = B · Pr0.074
k
D
(
gβD3
να
)
(Ts − T∞)1+n (5.14)
where the Nu − Raw power law coefficient and exponent are given by Table 4.1 for the
different surface conditions. This is the energy that is supplied to the air/water interface
from the heated water body.
The convective heat transfer above the surface can be modeled based on the as-
sumption that the flow of air above the interface is equivalent to the flow above a heated
flat plate (in reality, the water surface will have finite velocity due to the convective motion
of the water and the true boundary condition will thus deviate from the no-slip boundary
of the solid plate, but as shown earlier, this is expected to be small). With this physical
difference aside, the transport scenario is described by the Nu − Ra correlation [41]:
NuL = 0.15Ra(1/3)L (5.15)
where L is the length scale defined as the ratio of the plate surface area and perimeter,
respectively, L = A/P. From the NuL − RaL flat plate correlation in Eq. (5.15), the air-side
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convective flux is given by:
q′′c,air = 0.15
k
L
(
gβL3
να
)1/3
(Ts − T∞)4/3 (5.16)
The thermal radiation flux is approximated by treating the environment that sur-
rounds the water body as a large, isothermal enclosure at T∞ with blackbody behavior.
A radiation energy balance of the air/water interface gives the net radiation flux from the
interface:
q′′r = σǫ(T 4s − T 4∞) − αG (5.17)
where σ is the Stefan-Boltzmann constant, ǫ and α are the emissivity and absorptivity of
water, and G is the irradiation due to solar emission. The water surface is assumed to
behave as a diffuse, gray surface.
The S h − Raa results from this investigation are used to obtain q′′e and m˙′′:
q′′e = m˙
′′h f g = A
∆ρwvDh f g
W
(
g∆ρW3
ρνα
)m
(5.18)
where h f g is the latent heat of vaporization of water, and the S h−Raa power law coefficient
and exponent are given in Table 4.3 for the different surface conditions.
As mentioned earlier, the energy fluxes detailed above in Eqs. (5.14)- (5.18) can be
explicitly determined if Ts is known in addition to Tb, T∞, φ, and W and D, but may be iter-
atively solved if Ts is not available; the latter is demonstrated here and the computed values
of m˙′′ and q′′c are compared with the measured values from experiments. This analysis has
been performed on an oleyl alcohol experiment and several clean surface experiments for
which Tb, T∞, φ, and W and D were measured. For these experiments, G = 0 in Eq. (5.17)
since direct sunlight did not reach the laboratory.
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Figure 5.8: A comparison of measured and computed q′′c and m˙′′ for an oleyl alcohol ex-
periment where W = 0.305cm, D = 0.05cm, φ= 56%, and T∞= 25◦C. The deviations of
the computed values from the measured values are shown in (c) and (d). The jaggedness of
the data in (c) is due to the convergence criterion for the iterative solution.
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Figure 5.9: A comparison of measured and computed q′′c and m˙′′ from several clean surface
experiments at various Tb where W = 0.152cm, D = 0.05cm, φ= 57%, and T∞= 25◦C. The
deviations of the computed values from the measured values are shown in (c) and (d).
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The computed results from the oleyl alcohol and clean surface experiments are
shown in Fig. 5.8 and Fig. 5.9, respectively, along with the measured values of q′′c and m˙′′.
The results for the oleyl alcohol experiment in Fig. 5.8(c) and (d) show that q′′c and m˙′′
were estimated to within 18% and 15%, respectively, of the measured values by iteratively
solving Eqs. (5.14)- (5.18) until the energy balance in Eq. (5.13) was satisfied. Similarly,
Fig. 5.9 shows the results from several clean surface experiments where the computed
values of q′′c and m˙′′ are within 30% of the measured values. These deviations in Figs. 5.8
and 5.9 are in fact less than the rms of S h and Nu (viz. σS h and σNu in Tables 4.3 and 4.1).
Therefore, these results are encouraging in that relatively accurate estimates of q′′c and m˙′′
were made without a priori knowledge of Ts by employing simplified models for q′′c,air and
q′′r . It stands to reason that improved equations for the air-side convection and radiation
heat transfer would help to estimate q′′c and m˙′′ with better accuracy.
Extending this methodology for estimating q′′c and q′′r in the field (from a coolant
reservoir or lake where Tb > T∞, for example) requires several additional considerations.
In order to accurately predict the energy fluxes, a more robust model for q′′r will almost
certainly be required to accommodate various scenarios of cloud coverage and daylight;
the solar irradiance G will have to be measured or approximated in Eq. (1.27) as its con-
tribution to q′′r is not likely to be insignificant. The model for q′′c,air will also have to be
refined. In the above analysis, the air-side convection above the interface was assumed to
obey the flat, heated plate Nu − Raw model, which was appropriate for a calm laboratory
environment. The natural convection flow could be influenced in the field, however, by
environmental factors such as waves or trees along the shore, and the flow characteristics
would deviate from the flat, heated plate model. Lastly, the sustained presence of wind
would preclude the natural convection results from this dissertation research from being
employed. With these considerations aside, the above analysis has demonstrated the abil-
ity to estimate q′′c and m˙′′ using measurements that are readily available. This dissertation
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research has contributed improved equations for heat and mass transport (i.e. the Nu−Raw
and S h − Raa parameterizations) that can be used to estimate transport from heated water
bodies.
93
Chapter 6
Conclusions
The effects of surfactant monolayers on natural convection heat transfer and evapo-
ration from heated bodies of water were experimentally investigated under natural convec-
tion conditions. Dimensionless Nu − Raw and S h − Raa parameterizations were developed
from data collected during experiments for 1) a clean surface, 2) an oleyl alcohol covered
surface, 3) a stearic acid covered surface, and 4) a stearyl alcohol covered surface. The
results show that natural convection heat transfer occurs in a more efficient manner when
the surface is entirely free of surfactant material; all three of the surfactant monolayers
reduced the heat transfer coefficient by roughly 80% by inhibiting the convective motion
in the subsurface region of the water. The Nu − Raw exponent of all of the surface con-
ditions was greater than n = 1/3 which is commonly found among Rayleigh-Be´nard type
natural convection studies; this finding is attributed to the difference in thermal boundary
conditions between a free surface and that of the Rayleigh-Be´nard conducting wall. The
S h−Raa parameterizations were found to be very close to S h ∝ Ra1/3a for all of the surface
conditions; this indicates that the mass transfer coefficient is independent of the horizontal
extent of the surface W. Furthermore, this mass transport scenario is analogous to the heat
transport scenario of flow over a heated flat plate where Nu ∝ Ra1/3. Stearyl alcohol was
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the only surfactant monolayer which inhibited evaporation m˙′′ and reduced S h relative to
the clean surface condition for a given value of Raa. The effective relative humidity φ∗ was
defined to explain this behavior and to allow for the density of water vapor at the surface
to be less than the equilibrium saturation value; this newly defined variable allowed for the
stearyl alcohol S h − Raa data to collapse with the data from the other surface conditions.
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Appendix A
Mass Balance Method of Evaporation
Measurement
A schematic of the mass balance setup for the measurement of m˙′′ is shown in
Fig. A.1. A primed, flexible siphon tube (91cm in length L and 4.5mm in diameter d)
connected the water in the tank to a small beaker located on the weighing pan of an elec-
tronic balance (Scientech Zeta Series ZSA210 ±0.15mg accuracy and 0.1mg resolution).
Water would flow from the beaker into the tank in order to maintain equal surface heights
as evaporation occurred from the tank. A layer of silicone oil was placed on the surface
of the water in the beaker to prevent any evaporative losses from occurring, which would
introduce error to the measurement of m˙′′ from the tank.
The mass balance measured the rate of change of the mass of the beaker on the
weighing pan, (dm/dt)b. This quantity was related to the evaporative flux m˙′′ from the tank
with a differential equation that is derived here. The surface height difference between the
beaker and tank (indicated by subscripts b and t, respectively) caused water to flow into the
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Figure A.1: The mass balance setup including the: evaporating water tank, electronic mass
balance, balance beaker, and siphon tube. The heights of the water surfaces in the tank and
beaker are given by ht and hb.
tank at a rate Q:
ρg(hb − ht) = RQ (A.1)
where R is the fluid resistance to the flow through the siphon tube. This quantity is given
by:
R =
128µL
πd4 (A.2)
which assumes that the flow through the siphon of length L and diameter d is laminar,
steady-state, and fully developed.
By conservation of mass, the flow through the siphon tube is:
Q = −Ab dhbdt (A.3)
where A is the surface area, and the subscript b denotes the beaker.
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The rate at which the height of the surface of the tank changes is dictated by the
rates of the siphon flow Q and the evaporative flow rate Qev:
Q + Qev = At dhtdt (A.4)
Eq. (A.2) and Eq. (A.3) are combined and the height of the tank surface is solved for. Next,
the time derivative of this result is taken which gives:
dht
dt =
AbR
ρg
d2hb
dt2 +
dhb
dt (A.5)
Combining Eq. (A.4) and Eq. (A.5) yields a functional form of m˙′′ which allows for the
evaporative flux from the tank to be known explicitly from (dm/dt)b measured by the bal-
ance:
m˙′′ =
(
Ab
At
+ 1
) (dm/dt)b
Ab
+
R
ρg
d2m
dt2 b
(A.6)
To measure m˙′′ from the evaporating tank, mass data were acquired from the elec-
tronic balance at a rate of 1Hz, and the data were fitted with an exponential equation from
which the first and second time derivatives were obtained. An exponential function of the
following form was used to model the mass data:
m(t) = (mi − m∞)e−t/τ + m∞ (A.7)
where mi is the initial mass value at t = 0, m∞ is the asymptotic mass value as t → ∞, and τ
is the mass decay time constant. An example of the mass data from the electronic balance
and the fit from Eq. (A.7) are shown in Fig. A.2.
In order to compute m˙′′ according to Eq. (A.6), it is necessary to compute the first
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Figure A.2: The mass data from a 65 minute run and the corresponding fit from Eq. (A.7).
The mass shown here represents the decreasing volume of water in the beaker due to liquid
leaving through the siphon tube.
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and second time derivatives of m(t). These were determined analytically from Eq. (A.7):
dm(t)
dt = −
1
τ
(mi − m∞)e−t/τ (A.8)
d2m(t)
dt2 =
1
τ2
(mi − m∞)e−t/τ (A.9)
With the derivatives in Eq. (A.8) and Eq. (A.9), m˙′′ was computed from Eq. (A.6).
There are several critical parameters in Eq. (A.6) that should be considered when designing
a facility to measure m˙′′ with this mass balance method. First, the surface area of the tank
At should be large compared to the area of the beaker on the balance Ab. This will ensure
that the quantity of water flowing from the beaker into the tank will be small. Second, the
system should be designed to minimize the fluid resistance in the siphon R; this can be done
by either 1) making the siphon tube length L only as long as necessity dictates, and most
significantly 2) the diameter of the siphon tube should be as large as practically possible.
Because R ∝ d−4 in Eq. (A.2), increasing the siphon diameter is an efficient way to reduce
R. The diameter of the siphon tube is limited only by the size of the beaker Ab in which
it is placed. If the aforementioned parameters are taken into account when designing the
system, then Eq. (A.6) can be optimized such that the evaporative flux from the tank m˙′′ is
essentially equal to the measured evaporative flux from the beaker:
m˙′′ ∼ (dm/dt)b
Ab
(A.10)
This technique for the determination of m˙′′ was not used during experiments be-
cause it prevented the clean surface condition from being maintained during a run. Be-
cause water constantly flows from the beaker into the tank at a rate Q given by Eq. (A.3),
contamination was regularly introduced to the “clean” tank, and surfactant material would
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accumulate at the surface. The clean surface condition was critically important to this dis-
sertation research, thus another method of evaporation measurement was explored. Even-
tually, the laser-based method was developed, tested, and used during experiments. The
clean surface condition was more easily attained because none of the components of the
laser system contacted the water surface (i.e. the laser based system is an indirect method
of measurement).
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Appendix B
IR Temperature Calibration
Presented here are the details of the temperature calibration procedure for the IR
camera which is also discussed in the work of Bower, Kou & Saylor [9]. In order to
obtain accurate temperature measurements with the IR camera, a temperature calibration
is required where the device output is compared to a temperature reference. The method
presented herein was motivated by the need to calibrate an IR camera with an accurate,
practical, and relatively low-cost facility. By exploiting the favorable infrared properties
of water, this method proves to be a cost-effective alternative to commercial blackbodies
without sacrificing the quality of the calibration.
The calibration of image gray level intensity to temperature is achieved by imaging
an upwelling flow of water, the temperature of which is measured with a thermistor probe.
The upwelling flow is created by a diffuser located below the water surface of a constant
temperature water bath. The thermistor probe is kept immediately below the surface, and
the distance from the diffuser outlet to the surface is adjusted so that the deformation of
the water surface on account of the flow is small, yet the difference between the surface
temperature seen by the camera and the bulk temperature measured by the thermistor is also
small. The gray level intensity of the IR imagery is calibrated to the measured temperature
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Figure B.1: Schematic of the calibration facility consisting of the temperature controlled
water bath, tripod-mounted IR camera, the diffuser apparatus (detailed in Fig. B.2), sub-
mersible pump, and thermistor probe.
of the imaged upwelling flow.
The calibration facility is presented in Fig. B.1, and consists of a diffuser apparatus
and a submersible pump all of which are located within a constant temperature water bath.
Water is pumped from the water bath into the diffuser apparatus, which is illustrated in
Fig. B.2, creating an upwelling flow towards the surface. The temperature of the flow is
measured with a thermistor located just beneath the surface. At the surface, the water flows
radially outward from the center and spills back into the temperature controlled water bath.
The IR camera is mounted above the water surface so that the center of the IR image is the
position of the water surface located just above the thermistor probe. Broadly speaking,
the calibration is obtained by recording the intensities of those pixels imaging the region of
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the water surface just above the thermistor location, and correlating these gray levels to the
thermistor temperature measurement. The strength of this method is that the temperature
of the fluid which is imaged by the IR camera is measured by a probe which is located just
beneath the surface and in the upwelling flow. Hence a very short period of time elapses
between the measurement of the water temperature, and the imaging of that fluid. This
helps ensure that any change in the fluid temperature away from the thermistor temperature,
due to heat transfer with the environment, is small (although a correction obtained from a
thermal analysis is presented later to account for this change). This method is superior
to approaches where a thermistor is located right at the air/water interface, since in that
approach, the thermistor is exposed to air and the measurement would be affected by the
air temperature. Increasing the flow velocity leaving the diffuser, and/or moving the diffuser
closer to the water surface, both serve to reduce the time interval between measurement of
the fluid temperature by the thermistor, and imaging of that fluid at the surface. However,
this also serves to deform the water surface, which degrades accuracy. A tradeoff between
these two exists, and the parameters presented below for these variables represent optimum
values obtained by trial-and-error.
It is noted that in Fig. B.1, the camera is mounted at an angle of 25◦C from vertical
and with the camera lens 625mm from the water surface of the diffuser apparatus. The
purpose for orienting the camera at an angle was to ensure that the resulting calibration
was valid for these thesis experiments where the same geometry was used.
The calibration was performed on an M-Wave IR Camera (model MW320F4 f/2.3
from IRCameras Infrared Imaging Systems). The camera detector was a 320x240 Stir-
ling cycle cooled Indium Antimonide (InSb) FPA sensitive to the 1.5-5.5µm range with
a noise equivalent differential temperature (NEDT) of 0.015K. The camera was outfitted
with a 25mm lens resulting in a 21◦ x 16.8◦ (HxV) field of view. The temperatures of
the room air and the upwelling water flow, respectively, were measured with a General
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Figure B.2: Illustration of the diffuser apparatus which resides almost entirely submerged
in the water bath. After entering the diffuser chamber, the water flow passes through copper
screening and continues toward the surface. At the surface, the flow moves radially outward
and spills over the edge of the beaker back into the heated water bath.
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Electric CSP60BA103M-H/2-90 thermistor and a Fluke 5611T thermistor (both accurate
within ±0.01◦C) and logged with a Hart Scientific 1529 Chub-E4 Thermometer Readout
(±0.002◦C accuracy). The water thermistor probe (2.5mm in diameter and 10mm in length)
was located 2mm below the water surface at the center of the upwelling flow as illustrated
in Fig. B.2. The average room air temperature in the laboratory was 23.26◦C and the av-
erage relative humidity was 35% (measured with a Digi-Sense Thermohygrometer with an
accuracy of ±0.2% of reading). A Brinkmann Lauda type RMT6 recirculating water bath
(9L/min) was used to control the water temperature and house the diffuser apparatus and
submersible pump. This diffuser apparatus consisted of a 600mL glass beaker (95mm di-
ameter, 125mm height), the lip of which was located 1cm above the water level of the water
bath. Inside of the beaker was the diffuser assembly which had a diameter of 35mm. The
outlet of the diffuser chamber was covered with two layers of copper screen (7mm above
the inlet to the diffuser chamber). The purpose of this screen cover was to provide fluidic
resistance such that the velocity profile at the diffuser outlet was nearly uniform, and so that
the surface would be only slightly deformed (the water surface near the stagnation region
bulged approximately 4mm above the quiescent water surface). A rigid structure held the
diffuser outlet 13mm below the top of the beaker. A 16.5” length of flexible tubing (5mm
i.d.) connected the diffuser apparatus with a Peaktop Ltd. 120V submersible fountain pump
model MD80. The flow rate through the diffuser was 23.2 mL/s.
To perform the calibration, the water bath was set to the initial calibration tem-
perature and the submersible pump was turned on. The system was given 30 minutes to
stabilize before the first set of calibration data was taken. For subsequent temperature set-
points (incremented by approximately 1.5◦C), a period of 20 minutes was allowed for the
water bath temperature to stabilize. For each set-point, IR imagery and thermistor temper-
ature data were collected at a rate of 1Hz for five minutes. It is noted that the camera was
calibrated to the thermistor temperature, averaged over the five minutes of data collection.
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Figure B.3: Sample calibration data for a single temperature of 34.4◦C. The upper plot is
the probe temperature, and the lower plot is the gray level output from the camera. The
dashed lines are both linear fits to the data for the duration of the run.
This temperature typically deviated slightly from the water bath set point. An example of
the thermistor probe temperature data and corresponding image intensity values from the
camera are shown in Fig. B.3.
Since the thermistor probe measurements report the average temperature of the wa-
ter flowing around the probe, it is important to find the average gray level intensity of only
those pixels in the IR imagery located directly above the thermistor probe. The locations
of these probe pixels were identified by acquiring two reference images. This was done
by taking an image while the submersible pump was still turned on, and taking a second
image with the submersible pump off and the water drained from the diffuser apparatus
beaker (i.e., the thermistor probe was no long submerged). By subtracting these two im-
ages, the pixels giving the subsurface location of the thermistor probe during the calibration
procedure were easily identified, as shown in Fig. B.4 where a sample difference image is
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Figure B.4: The difference image showing the probe pixels in white. This image was
obtained by subtracting an image obtained with the probe submerged from an image with
the beaker apparatus drained.
presented. The (i, j) locations of the probe pixels (exactly 134 pixels in this case) were
identified and recorded, and in subsequent data processing the intensities of these pixels
were averaged to provide a single gray level for for each image. It is this average gray level
which is plotted in the lower plot of Fig. B.3.
A finite amount of heat transfer occurs at the water surface as fluid travels radially
outward from the center of the beaker to the location above the edge of the thermistor
probe (i.e. from the center to the edge of the group of probe pixels highlighted in Fig. B.4).
Accordingly, the temperature measured with the thermistor probe is not exactly the same as
the temperature at the water surface. This small error can be corrected for via a heat transfer
analysis which is presented below. This correction is used to correct (reduce) the measured
probe temperature, and it is this corrected probe temperature that is used to develop the
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calibration. That is, the camera is calibrated to Ts:
Ts = Tp − ∆T (B.1)
where Tp is the temperature measured by the probe, and ∆T is the probe correction, which
is developed in the next section. These corrected probe temperatures are plotted against
the average intensities of the probe pixels for each temperature set-point in Fig. 3.2. These
data were fitted with a 4th order polynomial to obtain a calibration function which, for the
camera and calibration setup developed here, was:
T (g) = (−3.9998×10−16)g4+(2.7569×10−11)g3−(7.9128×10−7)g2+(0.0129)g−(19.3471)
(B.2)
for temperatures ranging from 30-65◦C. This calibration function is shown in Fig. 3.2.
An error analysis [28] was conducted to account for measurement accuracy (temperature
probes, thermohygrometer, and camera noise) and data processing (standard deviations of
fits to the data). With respect to the specific instrumentation and setup presented here, the
calibration curves have an uncertainty of ±0.082◦C.
The magnitude of ∆T in Eq. (B.1) is due to evaporation, natural convection heat
transfer from the surface to the air, and radiation heat transfer from the water surface to the
room walls. This heat transfer occurs during the time t f required for the fluid to travel from
the location of the thermistor probe beneath the water surface to the location at the water
surface above the edge of the probe. This temperature drop is computed by performing
an energy balance on a fluid parcel as it travels this distance. The fluid parcel has a vol-
ume δ3 (water is assumed to be incompressible thus the volume is constant ) and uniform
temperature T as indicated in Fig. B.5. The sum of the four energy transfers indicated in
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Figure B.5: Diagram of the finite volume of fluid as it travels along the surface away from
the stagnation point.
Fig. B.5 (evaporative, convective, radiative and conductive), sum to provide the net heat
loss by the parcel, q˙, which can be related to the time rate of change in temperature dTdt via
the equation:
q˙ = ρcpV
dT
dt (B.3)
where ρ and cp are the density and specific heat of water, respectively, and V is the volume
δ3. Equation (B.3) can be rearranged and integrated to give the drop in temperature of the
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fluid parcel, which is the correction to the probe temperature:
∆T = T (t f ) − T (0) = 1
ρcpV
∫ t f
0
q˙dt (B.4)
Replacing q˙ with its component heat fluxes gives:
∆T = T (t f ) − T (0) = 1
ρcpδ
∫ t f
0
[q˙′′evap + q˙
′′
conv + q˙
′′
rad + q˙
′′
cond]dt (B.5)
In this analysis, the conduction heat transfer is through the bottom of the fluid parcel and
conduction heat transfer through the sides is assumed to be negligible.
The evaporative heat flux is:
q˙
′′
evap = m˙
′′h f g = hm(ρwv,s − γρwv,∞)h f g (B.6)
where the density of water vapor in the ambient and at the surface are given by ρwv,∞ and
ρwv,s, respectively, where γ is the relative humidity and h f g is the latent heat of vaporization
of water. The mass transfer coefficient, hm is obtained from the early Sherwood-Rayleigh
(S h − Ra) power law scaling due to Bower & Saylor [10]:
S h = 0.230S c1/3Ra0.321 (B.7)
where the characteristic length (diameter) of the beaker is used to determine S h and Ra.
The convective heat flux is:
q˙
′′
conv = h(Ts − T∞) (B.8)
where the heat transfer coefficient h is obtained from the Nusselt-Rayleigh (Nu−Ra) power
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law scaling for natural convection over a heated plate [41]:
NuL = 0.54Ra1/4L (B.9)
where:
NuL =
hL
k , (B.10)
The radiative heat flux is:
q˙
′′
rad = σε(T 4s − T 4∞), (B.11)
where σ is the Stefan-Boltzmann constant, and ε is the average emissivity over the sensitive
range of the IR camera.
Finally, the conduction heat flux into the fluid parcel from the underlying fluid can
be calculated using Fourier’s law:
q˙
′′
cond = −k
dT
dy (B.12)
Here, the derivative dT/dy is discretized and Eq. (B.12) is rewritten as:
q˙
′′
cond = −k
Ts − Tp
∆y
(B.13)
where ∆y is the vertical distance from the surface (at temperature Ts) to the depth of the
thermistor probe (at this depth, we assume the temperature is uniformly Tp).
The last variable needed to solve Eq. (B.5) and obtain ∆T , is t f , the time necessary
for the fluid parcel to travel from the location of the probe beneath the surface, to the
location at the water surface over the edge of the probe. This time is obtained by integrating
113
Stagnation 
Point
x , u
y , v
r
Ѳ 
(x ,y=0) (x ,y=0)i
(x=0,y=D)
(u=0,v=-U)ψ =0
Diffuser Outlet
=0Surface
thermistor probe
ψ
ψf
Figure B.6: Schematic of the stagnation point stream with the thermistor probe below the
surface. Here, the diffuser outlet is at a depth, D, below the origin where it emits water
with a vertical velocity, U. The stream ψ = 0 corresponds to the flow at both the centerline
and at the surface.
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the velocity which is modeled as a two-dimensional inviscid stagnation point flow, where
the upwelling liquid is treated as if it is striking a solid surface. In Cartesian coordinates,
the velocity field for this flow is: [54]
(u, v) = (∂ψ
∂y
,−∂ψ
∂x
) = (U
D
x,−U
D
y) (B.14)
where D is the distance from the diffuser outlet to the surface, and U is the velocity of
the flow at the diffuser outlet. The horizontal component of velocity u is integrated by
separation of variables to obtain:
ln( x f
xi
) = −U
D
(t f − 0) (B.15)
where xi and x f are the initial and final horizontal positions of the fluid parcel. These
positions, along with the stagnation point flow, are illustrated in Fig. B.6. Assuming that
the probe is centered underneath the stagnation point, the half-length of the thermistor
probe can be assigned as the value for x f . The value of xi was chosen to be the radius
of the probe which is a physically meaningful starting location, and which also avoids the
mathematical singularity in Eq. (B.15) if the stagnation point x = 0 is chosen.
Once the value of t f is obtained from Eq. (B.15) (for the apparatus used here,
t f = 0.664 seconds), numerical integration is used to solve Eq. (B.5) with time t being
the variable of integration. At each time step, the surface temperature Ts is updated. Solv-
ing Eq. (B.5) with the upper integration limit varied from 0 to t f yields a temperature profile
with respect to surface position (that is, as the parcel travels from the stagnation point posi-
tion at t = 0 to the tip-end of the probe at t = t f we obtain ∆T (x(t)). The average ∆T along
this profile is used to obtain Ts in Eq. (B.1).
The magnitude of the correction to the probe temperature obtained from the above
analysis is presented in Fig. B.7, where the adjusted probe temperature is plotted against
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Figure B.7: An example of the adjusted probe temperature as a function of the measured
probe temperature computed for γ=35% and T∞=23.26◦C. The dashed line represents the
uncorrected probe temperature.
the measured probe temperature. The correction is small, but not insignificant, varying
from a value of 0.1911◦C at 30◦C, to 2.017◦C at 66◦C.
While water is particularly convenient to use during calibrations, its practicality is
limited to temperatures between its freezing and boiling points. Furthermore, the tempera-
ture conditions must be suitable for proper function of the instrumentation and mechanical
components in the calibration setup. This method is thereby excluded for the calibration
of IR cameras at extreme temperatures. However, for applications requiring accurate mea-
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surements in the 0-100◦C range, the described method and apparatus are a cost-effective
and efficient means of calibrating an IR camera.
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